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INTRODUCTION 


To  the  forecaster  trained  In  middle  latitude  meteorology  the  Arctic  is  a  somewhat  strange 
and  forbidding  place  located  near  or  beyond  the  boundaries  of  his  map.  He  is  aware  that 
there  is  no  sharp  line  that  divides  the  regions  of  his  common  Interest  from  the  less  familiar 
areas  to  the  north.  Moreover,  he  is  aware  ihat  basic  physical  principles  are  the  same  every¬ 
where,  that  differences  between  high  and  middle  latitude  meteorology  are  more  a  matter  of 
degree  than  of  kind.  Nevertheless,  when  first  faced  with  the  problem  of  making  operational 
forecasts  in  the  Arctic,  he  is  apt  to  feel  like  the  proverbial  fish  out  of  water  as  he  strives  to 
put  his  middle  latitude  experience  to  work  In  a  new  and  unfamiliar  environment. 

The  main  purpose  of  the  present  work  is  to  provide  the  forecaster  who  is  newly  assigned 
to  the  Arctic  with  background  material  that  will  ease  his  period  of  adjustment,  though  it  is 
hoped  that  many  of  the  ideas  expressed  herein,  as  well  as  some  of  the  techniques,  will  prove 
useful  to  him  beyond  the  period  of  his  apprenticeship.  It  is  conceivable  that  some  readers 
may  find  this  manual  useful  for  purposes  other  than  that  for  which  it  was  intended.  However, 
the  limited  objectives  of  the  author  should  be  kept  in  mind  at  all  times. 

It  is  necessary  from  the  outset  to  establish  boundaries  for  the  region  which  is  to  be  in¬ 
cluded  under  the  term  "Arctic".  Much  fruitless  effort  could  be  spent  in  trying  to  frame  a 
"correct"  definition  of  the  term,  but  a  little  reflection  will  show  that  any  definition  must  of 
necessity  be  somewhat  arbitrary  and  suited  to  the  purposes  at  hand.  Because  our  main  con¬ 
cern  here  is  with  a  fluid  medium,  the  polar  atmosphere,  it  has  seemed  advisable  to  make  the 
boundaries  as  broad  and  simple  as  possible.  With  this  in  mind  we  have  sel  the  60th  parallel 
as  the  outer  limit  of  our  area  of  Interest. 

It  has  not  seemed  appropriate  in  a  work  of  this  sort  to  burden  the  reader  with  an  exten¬ 
sive  bibliography.  The  writer  would  therefore  like  to  acknowledge  that  the  information  con¬ 
tained  herein  comes  from  three  main  sources:  (1)  "The  Dynamic  North"  (1956),  especially 
the  article  "Meteorology  of  the  Arctic”  by  Petterssen.  Jacobs,  and  Haynes  (March,  1066), 
(2)  "The  Arctic  Circulation”  by  Hare  and  Orvig  (1958),  nnd  "Arctic  Weather  Analysis  and 
Forecasting"  by  Reed  <1959),  Considerable  pains  have  been  taken  in  the  latter  work  to  ref¬ 
erence  the  contributions  of  other  authors. 

In  addition  to  the  basic  sources  mentioned  above,  a  number  of  other  papers  arc  listed  in 
the  blbllograpliy.  These  are  mainly  recent  contributions  wliicl)  were  not  reviewed  in  the 
writer's  previous  work.  Their  listing  hero  is  not  meant  to  imply  that  they  are  necossorily 
more  Important  than  other  articles  which  ore  not  directly  mentioned. 
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1.  PHYSICAL  FEATURES  OF  THE  ARCTIC 


Although  the  Arctic  Is  popularly  thought  of 
as  a  region  of  eternal  cold  and  snow.  It  is  in  re¬ 
ality  an  area  of  considerable  climatic  diversity, 
exhibiting  a  variety  of  interesting  and  changing 
weather  phenomena.  Much  of  this  diversity  is  a 
consequence  of  the  varying  shape  and  character 
of  the  underlying  surface.  It  is  appropriate, 
therefore,  to  begin  a  discussion  of  the  meteor¬ 
ology  of  the  Arctic  with  a  brief  review  of  the 
geography  of  the  region,  laying  principal  stress 
on  the  nature  and  configuration  of  the  surface 
and  on  its  physical  properties.  A  unique  facet 
of  the  polar  environment  is  the  extended  periods 
of  daylight  and  darkness.  The  chapter  concludes 
with  a  brief  treatment  of  this  topic. 

1.1  Surface  Types 

Because  of  the  relatively  broad  limits  which 
we  have  chosen  to  set  on  the  term  ‘‘Arctic*’,  a 
number  of  diverse  surface  types  will  be  enclosed 
witbln  our  sphere  of  Interest.  Over  the  Arctic 
Ocean  and  the  adjoining  seas  is  the  perpetual  and 
nearly  unbroken  pack  ice.  Greenland  and  other 
elevated  regions  of  lesser  siie  are  covered  or 
spotted  with  shtelds  of  ice  known  as  glaciers. 
Along  the  fringe  of  the  arctic  seas  is  the  tundra, 
a  treeless  region  of  marshy  soil  covered  with 
small  shrubs  and  thick  growths  of  mosses  and 
lichens.  Further  Inland,  where  a  more  pro¬ 
nounced  moderation  of  climate  occurs  in  sum¬ 
mer,  the  tundra  gives  way  to  forests  of  varying 
extent  and  density.  And  in  the  area  between 
Greenland  and  Norway  is  a  large  expanse  of  open 
water  maintained  by  the  mild  ocean  and  air  cur¬ 
rents  which  Invade  that  area. 

In  the  following  paragraphs  we  will  consider 
in  greaterdetall.thc  distributions  of  the  various 
surface  types  enumerated  above,  pointing  out 
various  facts  which  may  be  of  interest  and  use 
to  the  forecaster.  The  reader  is  advised  to  make 
frequent  reference  to  figures  1.1  and  1.2,  which 
contain  names  and  locations  of  pertinent  geo¬ 
graphical  features  and  boundaries  of  the  different 
surface  types. 

1.1.1  Pack  Ice 

By  definition  the  terra  pack  ice  refers  to  any 
area  of  sea  ice.  no  matter  what  form  It  takes  or 
how  disposed. 

From  figure  1.2  It  is  seen  that  the  Arctic 
Ocean  la  affected  by  Ice  throughout  the  year. 
The  Ice  covers  generally  more  than  95  percent 


of  the  area,  the  extent  of  open  water  being  greater 
in  summer  than  in  winter.  In  winter  thermal 
stresses  within  the  ice  and  wind  stresses  on  the 
surface  cause  continual  fracturing  and  the  for¬ 
mation  of  narrow  lanes  or  leads  of  open  water. 
At  the  frigid  winter  temperatures  the  leads  freeze 
over  rapidly.  In  summer  the  newly  frozen  leads 
melt  open,  allowing  the  ice  to  move  more  freely 
and  bringing  a  temporary  halt  to  the  fracturing 
except  for  minor  breaks  along  the  rough  edges 
of  the  leads. 

In  modern  times  the  pack  ice  has  averaged 
about  8  to  10  feet  in  thickness.  Broad  areas  of 
more  or  less  flat  ice  of  uniform  thickness  are 
Interspersed  with  ice  ridges  or  hummocks  which' 
may  extend  several  feet  above  the  general  level 
of  the  ice  and  ten‘s  of  feet  below.  The  ridges 
are  formed  by  the  jamming  of  large  pieces  of  ice 
or  floes  one  against  the  other  during  periods  of 
fracturing  and  may  occasionally  rise  to  30  feet. 

The  earliest  measurements  of  the  ice  thick¬ 
ness.  taken  before  the  turn  of  the  century,  gave 
values  of  about  12  feet,  indicating  a  decrease  in 
thickness  in  recent  decades.  This  trend  parallels 
a  warming  trend  at  arctic  weather  stations  which 
has  been  remarked  on  by  numerous  authors. 

The  upper  layers  of  the  pack  ice  attain  their 
coldest  temperatures  in  February,  but  the  low¬ 
est  layers  continue  to  cool  until  June  so  that  the 
ice  attains  its  maximum  thickness  Just  before 
the  summer  melt  period  commences.  In  June 
and  July  the  snow  which  has  accumulated  since 
the  previous  summer  melts,  and  In  July  and 
August  an  ablation  of  the  ice  itself  takes  place. 
Generally,  the  thickness  of  the  pack  is  diminished 
about  2  to  3  feet  by  the  melting.  Most  of  the 
melt  water  drains  into  the  ocean  through  cracks 
and  holes  but  a  significant  amount  of  It  collects 
in  pools  on  the  slightly  undulating  surface  of  the 
pack,  forming  small  lakes.  Personnel  stationed 
on  the  ice  find  the  summer  melt  period  a  time 
of  considerable  annoyance  and  discomfort. 

In  late  August  the  melt  season  comes  to  an 
end,  and  snow  begins  lo  spread  its  insulating 
blanket  over  the  surface.  Once  the  snow  cover 
Is  complete  the  surface  of  the  Arctic  Ocean  be¬ 
haves,  as  far  as  energy  transfer  is  concerned, 
just  as  adjacent  land  surfaces. 

Ice  conditions  in  the  adjoining  seas  are  for 
the  most  part  similar  to  those  In  the  Arctic 
Ocean.  Except  near  the  shore,  where  a  piling 


U.  S.  S.  R. 


TURI^KHA'.'raK 


KAMCHATKA 

PENINSULA 


VERKHOYANSK 


OYMYAKON 


O^TROV  DKSONA 


TAYMYR 

PENINSULA  KARA  SEA 


8USSKOYE  UST'YE 

EASt 
SIB^f^lAN 
SEA  "MAUD" 


laptev_sI'a"-^"“¥«»^, 
SEVERNAYA 
.  ZEMLwj 


BURKHTA  TIKHAYA 


!  CHUKCHI  PENINSULA 

1  .  "NORTH 

BERING  SEA 

OAMBEI.I-  CHUKCHI  SEA  ..cARhIk" 


"NORTH  POI.E  1" 


NORTH  POHB  2" 


Arctic  Ocean 


POINT  barrow 

BARROW  "BRAVO  (r-3)"l  /g  V.ROBESON 

BEAUFORT  ’  ETOEKA  CHANNEL 

SEA  ISACIISEN  I  •  SITE  I 

'  MOULD  BAY  "  .  '  -p 

^  FAIRBANKS  Barker  island  ~  ,  thule 

ANCIIQRACF,  •  BANKS  ISLAND  a 

BIGI)t;;,TA  ,  MCHS’hARBOB  ' 

\  Aki'avTK  RBSon.Uj'E  WIND  INLET 


EllLESMERE 


,  SITF.  II 
THULE 


GULF  OF  ALASKA 


FORT  (XK)D  MOFE 


ARCpC  BAY 


(  .  ,  .  OOPPlJRMmE  ^ 

NORMAN  WKIA  S 

whiVkiiousb 


Pacific  Ocean 


Ji'ineXu  -  FORT  SIMPSON 

WATSON  lake 

HAY  RfVER 


BAKER  LAKE 


FORT  SMITH 


PRINCE  GEORGE 


:  CANADA 


CHBSTER»-TKI,D  ini.bt 


UDSON  BAY 


Figure  1.1.  GeograpKical  LocatlCTi  Map  of  the  Arctic, 
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Figure  1.1.  OeographlcAl  Location  Map  of  tho  Arctic. 
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j.'igurc  1,2,  Some  Geographical  l>lr.trU«»tion»  of  Arctic  "Surface  (,'over"  Due  to  Climatic  Controls.  (After  Hare 
nnil  Orvlg  (3  |,) 


up  and  rafting  of  the  ice  often  occurs,  the  ice  is 
somewhat  thinner  than  in  the  inner  Arctic  and 
the  summer  melt  is  a  bit  greater.  In  summer 
large  open  areas  appear  near  the  shores  and  the 
coastal  waters  become  navigable. 

The  amount  and  distribution  of  open  water 
are  influenced  to  a  considerable  degree  by  the 
prevailing  wind  pattern  so  that  large  fluctuntions 
may  occur  from  month  to  month  or  year  toyear. 
Generally  the  southern  portions  of  the  Chukchi. 
East  Siberian,  and  Laptev  Seas  arc  navigable 
from  late  June  or  July  through  August  or  Sep¬ 
tember.  The  Kara  Sea  stays  open  until  October. 
The  shipping  season  In  the  Beaufort  Sea  Is  short 
and  confined  to  the  late  summer. 

Shipping  operations  along  the  Northern  Sea 
Route  are  important  to  the  Soviet  economy,  and 


much  effort  is  expended  in  charting  ire  conditions 
by  aerial  reconnaissance  nnd  in  using  icebreak¬ 
ers  to  keep  the  sea  lanes  open.  The  undertaking 
of  annual  supply  missions  to  DEW-linc  stations 
along  the  Alaskan  nnd  Canadian  coasts  has  spur¬ 
red  increased  attention  to  ice  problems  in  the 
American  sector  of  the  Arctic, 

Other  bodies  of  water  which  are  covered  in 
whole  or  in  part  with  sen  icc  during  at  least  a 
portion  of  the  year  are  the  Barents,  Norwegian, 
and  Labrador  Seas,  Baffin  Bay.  Hudson  Bay,  nnd 
the  Northwest  Passage,  The  Barents  Sea  is 
nearly  free  of  ice  in  August  but  in  late  April  or 
May,  at  the  time  of  greatest  ice  extent,  only  the 
southwestern  portion  remains  open.  The  south¬ 
ern  and  eastern  sectors  of  the  Norwegian  Sea 
remain  open  throughout  the  year,  though  an  Ice 
strip  of  varying  width  hangs  along  the  coast  of 
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Greenland. 

The  eastern  two-thirds  of  the  Labrador  Sea 
is  ice  free  throughout  the  year,  except  along  the 
Greenland  coast.  Duringthe  winterthe  ice  grows 
outward  from  the  Baffin  Island,  Labrador,  and 
Newfoundland  coasts  to  a  width  of  a  few  hundred 
miles.  The  most  favorable  conditions  for  navi¬ 
gation  in  Baffin  Bay  occur  In  August  and  Sep¬ 
tember,  From  November  through  April  the  bay 
is  ice  covered. 

Despite  earlier  opinion  to  the  contrary, 
Hudson  Bay  is  completely  frozen  from  January 
to  June,  The  change  from  open  water  to  ice  and 
snow  cover  in  late  fall  and  early  winter  is  marked 
by  dramatic  changes  in  weather  conditions  at 
stations  on  the  east  shore  of  the  bay.  The  North¬ 
west  Passage  is  mostly  icebound,  though  some 
navigation  is  possible  in  this  region  in  August 
and  September, 

With  the  exceptions  noted  above,  the  polar 
sens  may  be  regarded  for  three  seasons  of  the 
year  as  solid  snow-covered  surfaces  similar  in 
their  physical  and  meteorological  character¬ 
istics  to  adjacent  land  areas.  In  summer,  on  the 
other  hand,  the  seas  are  best  pictured  as  melt¬ 
ing  sheets  of  ice  which  maintain  air  temperatures 
at  oi‘  near  the  melting  point, 

1,1,2  Glacier  Ice 

Glaciers  occupy  only  about  10  to  15  percent 
as  much  arco  as  the  pack  ice  of  the  polar  sews, 
and  more  than  four-fifths  of  this  area  is  con¬ 
tained  in  the  massive  Greenland  Icecap.  The 
remaining  glaciers  arc  found  on  Ellesmere  and 
Baffin  Islands  and  other  smaller  islands  in  the 
Queen  Elizabeth  group  (Canadian  Arrhipeiago);on 
Novaya  Zemlyn,  Iceland,  Jan  Mayen,  Svalbard, 
Franz  Joseph  Land,  and  Severnaya  Zemlya;  and 
in  mountainous  regions  of  Scandinavia,  Alaska, 
and  western  Canada,  The  locations  of  many  of 
these  glaciers  appear  In  figure  1.2, 

By  their  nature  glaciers  occur  In  conjunc¬ 
tion  with  high  ground  or,  as  In  the  case  of  Green¬ 
land,  arc  themselves  mountains  of  Ice.  The  sub¬ 
glacial  floor  inGrcenland  is  shaped  likea  saucer 
with  a  large  portion  of  tho  interior  dipping  below 
sea  level.  The  average  thickness  of  the  Ice  Is 
of  the  order  of  5,000  feet  and  the  maximum  known 
thickness  is  11,000  feet. 

In  its  effects  on  radiation  and  on  heat  and 
moisture  transfer  glacier  ice  is  much  like  sea 
•re  except  that  at  high  elevations  temperatures 
stay  beiow  freezing  and  the  ice  remains  covered 


with  snow  throughout  the  year.  At  lower  eleva¬ 
tions  strong  inversions  may  develop  near  the 
ice  boundary  in  summer  so  that  above  freezing 
temperatures  are  common  at  instrument  level, 

1.1.3  Tundra 

This  is  the  name  given  to  the  treeless  plains 
of  northernCanada,  Alaska,  Siberia,  Russia,  and 
Scandinavia,  The  boundaries  of  the  tundra  are 
shown  in  figure  1,2, 

From  October  through  May  the  tundra  is 
decked  with  snow  and  therefore  has  no  unique 
effect  on  meteorological  processes.  In  summer, 
when  the  snow  is  gone,  the  exposed  surface  con¬ 
sists  of  a  marshy  soil,  covered  with  a  dense 
growth  of  mosses,  lichens,  and  small  shrubs. 
The  subsoil  of  the  tundra  is  permanently  frozen. 
It  is  this  perennially  frozen  ground,  or  perma¬ 
frost  as  it  is  now  called,  which  is  primarily  re¬ 
sponsible  for  the  swampy  nature  of  the  tundra. 

During  most  of  the  year,  then,  the  surface 
of  the  tundra  is  undifferentiated  from  the  pre¬ 
vious  surfaces  we  have  been  considering.  From 
June  through  September,  however,  it  is  vastly 
different,  possessing  a  much  higher  absorptivity 
and  a  greater  ability  to  convert  the  absorbed 
radiation  into  sensible  heat, 

1.1.4  .The  Boreal  Forest 

Roughly  speaking  the  first  patchy  areas  of 
woodland  begin  where  the  temperature  of  the 
warmest  month  reaches  a  figure  of  1 0®  C.  ( 50®  K,), 
The  tree  line  maybe  more  accurately  delineated 
by  taking  Into  account  the  temperature  of  the 
coldest  month  as  well. 

Three  forest  zones  are  depicted  in  figure 
1,2,  Thornthwaltc’s  potential  evapotranspiration* 
serving  as  the  defining  parameter.  In  Zone  I 
tundra  and  thin  woodland  are  intermingled.  Zone 
II  consists  of  open  woodlands  of  spruce,  pine,  or 
larch  carpeted  with  mosses  and  lichens.  The 
main  Boreal  forest  of  conifers  and  some  hard¬ 
woods  Is  contained  In  Zone  III, 

The  length  of  the  period  of  snow  cover  in  the 
forested  regions  varies  from  8  months  in  the 
north  to  6  months  in  the  south.  In  the  southerly 
zone  the  snow  usually  melts  by  mid-April  and 
the  ground  remains  essentially  bare  until  late 
October,  Clearly,  this  belt  has  polar  character¬ 
istics  during  only  half  the  year. 
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1.2  Surface  Properties 

From  the  meteorological  standpoint  the  most 
important  properties  of  the  surfaces  discussed 
in  the  preceding  section  are  their  albedo,  heat 
capacity,  and  thermal  diffuslvity,  since,  along 
with  changes  of  phase,  these  properties  deter¬ 
mine  the  manner  in  which  heat  is  partitioned  and 
stored.  The  product  of  the  heat  capacity  and  the 
square  root  of  the  thermal  diffusivity  defines  an 
additional  property  of  importance,  the  conductive 
capacity.  The  first  factor  determines  the  heat 
that  can  be  stored  in  unit  volume  per  unit  tem¬ 
perature  change  and  the  second  factor  is  known 
from  heat  conduction  theory  to  be  proportional 
to  the  depth  of  penetration.  Thus  their  product, 
the  conductive  capacity,  measures  the  total  heal 
capacity  of  the  affected  volume.  When  the  con¬ 
ductive  capacity  is  large,  the  temperature  change 
accompanying  heat  addition  or  subtraction  is 
small. 

Table  1,1  contains  estimates  of  the  fore¬ 
going  properties  for  the  various  types  of  sur¬ 
faces  considered  in  the  previous  section. 

The  albedo  of  snow  is  high,  ranging  from 
r)0  percent  to  80  percent  or  even  higher  depending 
on  the  fi’oslmcss.  Ice  too  hns  n  high  albedo, 
though  the  figure  given  here  Is  probably  larger 
by  10  percent  to  20  percent  than  the  average 
value  for  the  j)ack  icc  in  summer  when  sizeable 
leads  and  pviddlos  arc  present.  Beemise  of  the 
low  elevation  of  the  stm,  thenlbedo  of  water  sur¬ 
faces  is  relnlivoly  large  in  the  Arctic,  ranging 
from  I  jx'rcent  when  the  sun  is  nt  its  zenith  in 
the  subarctic  in  summer  to  100  percent  when  the 
sun  Is  on  the  horizon.  The  figure  of  15  percent 
is  be  I  loved  t(5  represent  a  reasonable  average 
value.  The  tundra  and  forest  areas  have  the 
smallest  albedos.  Where  lakes  and  ponds  are 
prevnlcnt.  the  values  are  somewhat  larger  than 
given, 

TAIILK  1.1 

lliysloal  Properties  of  Various  Surfurcs. 
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The  variation  in  heat  capacity  from  one  type 
of  surface  to  another  is  not  great  except  that  new 
snow  has  a  much  smaller  capacity  than  the  other 
surfaces  because  of  its  low  density.  The  thermal 
diffusivities  are  likewise  fairly  uniform  except 
for  water  in  which  case  the  conduction  is  assumed 
to  be  governed  by  eddy  rather  than  molecular 
processes  and  is  therefore  very  large. 

The  conductive  capacity  of  new  snow  is  small 
indicating,  for  instance,  a  tendency  for  the  sur¬ 
face  temperature  to  decrease,  rapidly  when  heat 
is  lost  by  radiation.  On  the  other  hand,  the  ocean 
has  an  exceedingly  large  conductive  capacity  and 
therefore  undergoes  only  slow  temperature  vari¬ 
ations.  The  other  surfiit  I  onsidered  alsohave 
rather  small  conductive  capacities,  indicating 
that  their  temperatures  tend  to  fluctuate  sub¬ 
stantially  in  response  to  varying  radiation  con¬ 
ditions. 

1 .3  Orographic  Features 

The  varying  height  and  configuration  of  the 
earth’s  surface  is  amajor  factor  in  weather  pre¬ 
diction,  Effects  of  mountains  can  be  seen  on  all 
scales  of  motion  from  the  global  circulation  pat¬ 
terns  to  local  wind  systems  of  the  foehn  and 
katabatic  ty]>os.  Storms  undergo  characteristic 
changes  in  direction  and  intensity  upon  approach¬ 
ing  mountainous  terrain;  in  addition,  amounts 
and  distributions  of  clouds  and  preci))itntion  itru 
much  influenced  by  orographic  features. 

BcCi'UJs>eof  the  relatively  large  extent  of  the 
polar  seas  and  the  existence  of  lowlands  and 
plains  over  much  of  northern  Canada,  Russia, 
and  eastern  Siberia,  the  Arctic  is  not  a  region 
in  which  orography  plays  a  dominant  role.  In  at 
least  two  sectors,  however,  the  effects  of  high 
ground  are  of  primary  importance  -  Greenland 
and  Alaska. 

More  than  1,500  miles  long  and  600  miles 
wide,  rising  to  above  10,000  feet  at  its  highest 
point  and  averaging  7,000  feet  in  elevation,  the 
Greenland  Icecap  presents  a  formidable  barrier 
to  the  air  flow  in  its  vicinity  and  the  effects,  in 
terms  of  the  mean  circulation  and  the  behavior 
of  individual  storms,  are  clearly  apparent.  The 
mountain  ranges  of  southern  Alaska  rise  abruptly 
from  the  shore,  reaching  average  heights  of  about 
8,000  fret.  Individual  peaks  attain  heights  of 
15,000-20,000  feet.  Like  the  Greenland  Icecap, 
the  Alaskan  ranges  exert  a  considerable  influ¬ 
ence  on  pressure  systems.  In  addition,  they 
cause  a  sharp  division  in  climate  between  in¬ 
terior  and  coastal  Alaska.  In  summer  the  Brooks 
Range  of  northern  Alaska  is  also  of  climatic 
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significance^,  since  it  acts  as  a  barrier separat - 
ing  warm  air  in  the  Yukon  Valley  from  the  cold 
air  which  lies  over  the  polar  seas.  Highest  peaks 
in  this  range  are  close  to  10,000  feet  and  the 
mean  level  is  approximately  5,000  feet. 

In  Europe  and  Asia  there  are  a  number  of 
mountain  systems  or  highlands  which  are  worthy 
of  mention,  though  their  effects  on  weather  are 
not  as  pronounced  as  in  the  previously  mentioned 
regions.  The  Scandinavian  Highland  runs  the 
length  of  Norway  and  western  Sweden,  with  an 
average  elevation  of  about  4.000  feet  and  isolated 
peaks  rising  as  high  as  8,000  feet.  The  Ural 
Mountains  constitute  a  narrow  north-south  divide 
of  nearly  comparable  heights.  At  their  northern 
end  they  make  an  S-shaped  bend  and  link  with  a 
ridge  which  runs  the  length  of  Novaya  Zemlya, 

Highlands  of  a  few  thousand  feet  elevation 
in  central  Siberia  are  overshadowed  by  a  com¬ 
plex  of  higher  ranges  -  the  Verhoyansk,  Cherskiy, 
Anadyr'  Hanger,  an<^l  Kolyma  Mountains  -  further 
to  the  east.  These  ranges  average  5,000  feel  and 
above  over  large  areas  and  have  individual  peaks 
which  roach  10,000  feet. 

1.4  Duration  of  Daylight  and  Darkness 

An  iini)ortant  facet  of  the  arctic  onviron- 
inoiu  is  the  extreme  variation  in  the  length  of 
day  that  occurs  over  the  course  of  n  year.  As 
is  well  known,  the  regions  north  of  the  Aretie 
C'irelo  experience  a  period  of  varying  duration 
in  summer  when  the  sun  is  continuously  above 


the  horizon  and  a  period  in  winter  when  it  is  con« 
tinuously  below.  At  the  pole  itself  the  “day" 
and  “night"  are  approximately  of  6  months  dura¬ 
tion  each. 

Table  1,2  contains  information  on  the  dura¬ 
tion  of  sunlight  for  the  middle  of  each  month  at 
selected  latitudes.  The  figures  apply  to  level, 
unobstructed  ground  and  may  differ  for  stations 
located  on  hills  or  in  valleys. 

From  the  table  alone  one  does  not  get  a  cor¬ 
rect  impression  of  the  amount  of  useful  light  at 
high  latitudes.  There  are  two  reasons  for  this, 
A  first  is  that  the  arctic  twilight  is  extremely 
prolonged.  For  20  days  after  the  setting  of  the 
sun  at  the  pole  on  September  24,  it  is  possible 
to  read  newspaper  by  twilight  -  under  clear 
skies.  Complete  darkness  does  not  set  in  until 
November  12th.  The  period  of  total  darkness 
ends  on  J.nnuary  30,  and  the  twilight  grows  bright¬ 
er  until  the  reappearance  of  the  sun  on  March 
1ft.  1’htis,  there  are  only  about  80  days  of  real 
night  at  the  pole. 

Secondly,  the  absence  of  sunlight  Is  not  as 
great  a  handicap  as  one  might  think;  for  in  winter 
the  moon  is  always  highest  in  the  sky  for  the 
longest  duration,  at  the  time  of  full  moon.  Fur¬ 
thermore,  the  reflection  of  tlic  moonlight  on  the 
snow  cover  adds  to  the  brightness  of  the  land¬ 
scape,  These  factors  make  it  possible  to  travel 
safely  across  the  snow  in  the  middle  of  the  polar 
night  and  even  to  land  airplanes  by  moonlight 
under  extremely  favorable  (drcumstanccs. 


TABl.K  1.2 

'I'ntnl  FoBHlblo  Piirntlun  of  Sunlight  on  lht»  1  5th  of  Knch  Month. 


Month 

(10 

hrs. 

North  L 

atitiide 

o 

min. 

6 

hrs 

5" 

min. 

70 

hr.s. 

min. 

75 

hrs. 

min. 

80 

hrs. 

min. 

0  5" 

hrs,  min. 

January 

r> 

43 

02 

- 

-- 

- 

-- 

- 

-- 

- 

-- 

Kebrua  ry 

9 

1  ^ 

8 

28 

7 

20 

5 

10 

- 

__ 

- 

-- 

March 

1  1 

44 

1  1 

40 

1  1 

33 

1  1 

23 

10 

50 

9 

50 

April 

14 

.34 

15 

1  1 

16 

09 

17 

50 

24 

00 

24 

00 

May 

17 

08 

iS 

43 

22 

41 

24 

00 

24 

00 

24 

00 

Juru’ 

in 

4S» 

21 

53 

24 

00 

24 

00 

24 

00 

24 

00 

July 

18 

05 

20 

1  5 

24 

00 

24 

00 

24 

00 

24 

00 

Augu  St 

I  5 

■U 

I  6 

39 

18 

1  5 

23 

19 

24 

00 

24 

00 

September 

12 

55 

13 

07 

13 

26 

13 

57 

1  5 

10 

18 

1  5 

October 

10 

13 

9 

46 

9 

06 

7 

58 

5 

00 

- 

-- 

November 

7 

34 

r, 

16 

3 

52 

- 

-- 

- 

-- 

- 

December 

5 

56 

3 

42 

- 

-■ 

- 

-- 

■ 

-- 

- 

-- 
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2.  CLIMATIC  FEATURES  OF  THE  ARCTIC 


Weather  conditions  in  the  Arctic  are  suffi¬ 
ciently  variable  so  that  climatic  averages  cannot 
in  themselves  provide  the  basis  for  accurate 
weather  prediction.  Nevertheless,  the  fore¬ 
caster  will  find  a  knowledge  of  climatic  condi¬ 
tions  useful  as  a  background  for  prediction,  es¬ 
pecially  when  assigned  to  an  unfamiliar  area. 

The  present  chapter  attempts  to  summarize 
some  of  the  more  Important  climatic  features 
of  the  Arctic,  Throughout,  the  object  is  to  paint 
a  broad,  rather  than  a  detailed,  picture  of  the 
polar  climate.  First  the  mean  state  of  the  arctic 
circulation  is  described  for  different  levels  and 
seasons,  along  with  the  related  temperature  con¬ 
ditions.  Various  weather  elements  are  then  con¬ 
sidered  in  turn,  and  their  regional  and  seasonal 
variations  discussed.  Elements  considered  are 
wind  speed,  cloudiness,  precipitation,  snow  depth, 
fng,  and  visibility, 

2.1  Mean  Circulation 

In  order  to  depict  the  major  features  of  the 
circulation  at  the  surface  and  aloft,  use  will  be 
made  of  soa  level  isobaric  charts  and  of  upper- 
level  height -contour  maps.  The  upper-level 
contours  will,  in  nearly  all  instances,  afford  an 
accurate  representation  of  the  wind  flow  aloft, 
but  due  to  frictional  and  orographic  Influences 
some  caution  must  be  exercised  In  inferring 
surface  winds  from  the  sea  level  pressure  pat¬ 
terns, 

2.1.1  Sea  Level  Pressure 

The  mean  sea  level  pressures  for  the  four 
seasons,  as  given  by  Nnmias  (7),  are  shown  in 
figures  2.1  a-d.  In  January  (fig,  2.1a)  the  arctic 
circulation  is  controlled  by  four  main  pressure 
cells  -  low  pressure  areas  In  the  Aleutian  and 
Iceland  regions  and  highs  situated  over  Siberia 
and  northwest  Canada.  Both  lows  have  eastward 
extensions  which  follow  regions  of  open  water. 
The  two  highs  arc  Joined  by  a  thin  ridge  spanning 
the  Chukchi  and  Beaufort  Seas.  The  circulation 
over  the  pole  itself  is  largely  dominated  by  the 
cyclonic  flow  about  the  Icelandic  low. 

Over  regions  of  elevated  topography  the 
pressure  gradients  are  fictitious  and  do  not  accu¬ 
rately  depict  the  w'ind  flow  near  the  surface. 
Thus,  the  gradient  wind  flow  over  central  Green¬ 
land  cannot  be  expected  to  conform  to  the  isobars 
in  figure  2.1  a  but  will  be  determined  by  the  700- 
mh.  height-contours  of  figure  2.2a  instead.  The 


strong  pressure  gradient  over  southeastern 
Alaska  is  also  fictitious,  lying  over  the  mountain 
ranges  which  divide  the  continental  high  from  the 
low  in  the  Gulf  of  Alaska. 

April  finds  the  Siberian  high  much  weakened 
and  displaced  eastward.  On  the  other  hand,  the 
high  over  North  America  maintains  its  strength 
and  shifts  closer  to  the  pole.  It  Is  at  this  time 
of  year  that  the  concept  of  a  polar  anticyclone  is 
most  nearly  fulfilled.  Important  changes  also 
occur  in  the  low  pressure  cells  between  winter 
and  spring.  The  Aleut  iui*  low  diminishes  greatly 
in  intensity,  and  its  extension  in  the  Gulf  of  Alaska 
becomes  relatively  prominent.  The  Icelandic 
low  also  fills  considerably  and  appears  to  shift 
northeastward  because  of  greater  pressure  rises 
along  the  coast  of  Greenland. 

The  pressure  pattern  over  the  polar  cap  in 
July  is  ill-defined  and  still  subject  to  some  un¬ 
certainty.  The  often  assumed  semipermanent 
polar  anticyclone  is  clearly  lacking,  but  as  yet 
it  is  not  certain  whether  a  cyclonic  circulation 
exists  in  Its  stead.  According  to  recent  evidence 
a  weak  trough  extends  outward  from  the  Asiatic 
low  towards  the  center  of  the  Arctic  Ocean,  The 
presence  of  a  ridge  of  high  pressure  over  the 
Beaufort  Sea  is  well  confirmed. 

In  summer  the  Aleutian  low  fades  away  to  a 
mere  trough  in  the  isobars,  and  the  Icelandic 
low  remains  barely  detectable,  A  more  proml- 
nent  low  develops  near  the  southern  tip  of  Baffin 
Island.  The  Siberian  high  disappears  completely, 
and  low  pressure  prevails  over  the  heated  Asiatic 
landmass. 

By  October  the  Aleutian  low  has  regained  its 
full  Intensity  but  Is  single-centered  and  located 
east  of  Its  winter  position.  The  Icelandic  low  Is 
nearly  at  full  strength  and  also  slightly  east  of 
its  winter  position,  the  extension  In  the  region 
of  Novaya  Zemlyabeingparticularlypronounccd, 
The  Siberian  high  has  reappeared  and  attained 
moderate  intensity  by  October,  The  high  In  the 
American  sector  is  located  over  the  Arctic  Ocean 
to  the  north  of  its  wintertime  position  and  is  still 
gaining  strength. 

2,1,2  700-mh,  Heights 

Figures  2,2 a-d  depict  the  seasonal  changes 
in  the  upper-levelcirculation.  In  January  there 
are  three  main  troughs  and  low  cells  in  the  Arctic 
and  subarctic.  Centers  of  lowest  contour  height 


figure  2.1.  "Normor*  IJistribution  of  Sea  I.pvpI  Pressure.  [After  Namios  (^).) 
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occur  over  Baffin  Island  and  near  Novaya  Zemlya. 
The  most  pronounced  trough  is  found  with  the 
slightly  weaker  low  near  Kamchatka,  Each  of 
the  upper  lows  is  associated  with  a  main  low 
pressure  cell  or  the  extension  of  a  cell  at  the 
surface.  The  most  prominent  upper-level  ridge 
appears  over  Alaska.  Weaker  ridges  may  be 
noted  between  Greenland  and  Norway  and  over 
Siberia. 

In  April  the  flow  over  the  polar  regions  be¬ 
comes  more  zonal  as  the  multicellular  pattern 
Is  replaced  by  a  single  low  cell  near  the  pole. 
Troughs  still  persist  in  the  Baffin  Island  and 
Kamchatka  regions.  The  Novaya  Zemlya  trough 
is  displaced  westward  to  Scandanavia,  and,  in 
conjunction  with  the  greater  prominence  of  the 
surface  low  in  the  Gulf  of  Alaska,  a  noticeable 
trough  appears  in  that  region  at  the  700-mb, 
level.  The  most  prominent  ridges  aloft  are  found 
over  Alaska  and  Greenland, 

In  July  the  flow  aloft  is  somewhat  weaker 
but  still  follows  a  wave-like  path  about  a  single 
low  center  near  the  pole.  The  Kamchatka  trough 
has  shifted  eastward  to  the  Bering  Sea,  a  minor 
trough  still  appearsover  the  Gulf  of  Alaska,  the 
trough  in  the  Baffin  Island  region  once  again  re¬ 
mains  fixed,  the  trough  over  Scandanavia  has 
retrograded  to  near  Iceland  and  a  new  trough 
has  developed  over  central  Asia.  As  at  the  sur¬ 
face.  tlie  main  ridge  is  found  over  th(*  Beaufort 
Sea, 

The  upper  circulation  strengthens  in  ()<  to- 
her  andclosetl  cells  rt*appear.  Main  trough 
and  ridge  positions  are  virtually  the  same  ns  in 
summer.  A  n<»teworlhY  feature  is  the  continued 
eastward  displacement  of  the  Kamchatka  trough 
towards  Alaska  even  as  it  ten<ls  to  be  reestab- 
lisht'd  along  the  Asiatic  coast. 

2.1.3  30-tnb.  Heights 

The  more  prominent  features  of  tlu?  700-mb. 
t'lrculation  patterns  are  maintained  in  the  upper 
troposphere,  nnd  the  winds  generally  increase 
in  strength  up  to  the  level  of  the  tropopausc  (200 
to  3  30  mb.).  In  proceeding  upward  through  the 
Inwft  str.i’.isphere  a  gi'adv.al  weakening  of  the 
circulatiurt  is  observecl,  .and  troughs  and  ridges 
become  less  pronounced.  Higher  in  the  strato¬ 
sphere  wind  regimes  are  encountered  which  arc 
part lal ly  tir  wholly  distinc  t  f rom  the  flow-  patterns 
at  lower  levels.  The  height  contours  of  the  30- 
mh.  surface  (23  tc)  24  km.)  m  figures  2,3  a-d 
bring  ovit  the  major  circulation  features  in  the 
middle  .stratosphere  ;»t  the  varic>us  seasons. 


The  polar  circulation  in  winter  (fig.  2.3a)  is 
dominated  by  an  intense  circumpolar  vortex. 
Within  this  vortex  there  exists  near  70*  N.  a  band 
of  strong  winds  often  referred  to  as  the  arctic 
stratospheric  or  polar-night  jet  stream.  This 
jet  stream  is  entirely  separate  from  the  familiar 
polar  front  let  stream  of  the  middle  latitudes. 
From  figure  2,3a  it  is  apparent  that  wave-Uke 
perturbations  exist  in  the  polar-night  vortex,  and 
from  a  comparison  of  this  figure  with  figure  2,2a 
it  is  evident  that  these  waves  are  merely  smooth¬ 
ed  versions  of  the  largest  scale  waves  present 
in  the  troposphere.  Thus,  the  stratospheric  flow 
pattern  at  this  season  is  not  entirely  independent 
of  the  pattern  at  lower  levels. 

in  springtime  (fig,  2.3b)  a  feeble  remnant 
of  the  polar  vortex  still  hovers  near  the  pole,  but 
generally  by  late  May  the  westerlies  disappear 
completely,  and  after  a  brief  period  of  stagnant 
flow  the  easterly  regime  of  summer  becomes 
established  (fig,  2.3c),  The  easterlies  are  es¬ 
sentially  undisturbed  and,  except  in  the  Tropics, 
cannot  be  related  to  the  tropospheric  flow. 

The  westerly  vortex  generally  reappears 
in  late  August  or  September  and  dominates  the 
fall  circulation  over  the  polar  cap  (fig.  2,3d). 
The  stratospheric  jet  is  weakly  developed  at  this 
season,  jind  the  wave-like  perturbations  which 
characterize  the  winter  pattern  arc  still  in  the 
formative  stage. 

2.2  M oj\n  T emperature 

Various  features  of  the  temperature  distri¬ 
bution,  both  at  the  surface  and  aloft,  arc  reviewed 
in  this  section.  As  a  broad  introduction  to  tem- 
pcinture  conditions  at  the  surface,  charts  of 
mean  temperatures  for  January  and  July  are 
first  presented,  A  more  com})rehensive  view  of 
tempeiature  behavior  is  afforded  by  gi'aphs  of 
monthly  mean  maximum,  mean  minimum,  and 
extreme  tem))eratures  for  selected  stations. 

The  vortical  temperature  distribution  Is 
represented  by  means  of  typical  mean  soundings 
and  by  meridional  mean  cross  sections  for  var¬ 
ious  seasons. 

2.2.1  Surface  'temperature,  Winter  andSummer 

Coldest  surface  temperatures  in  winter  (fig. 
2. 4n)  occur  in  the  valleys  of  northern  Siberia  and 
over  the  interior  of  Greenland,  The  extreme 
cold  of  the  Siberian  area  may  be  attributed  to 
the  clear  skies  and  dry,subsirjing  airwliich  gen¬ 
erally  prevail  there  and  to  the  presence  of  moun- 


Ktffur<*  2..^.  '  Normal'’  Dist.-lbuiion  of  30-mb.  fAftor  Wc|?c.  hrcsc,  Oroenmg,  nnd  Hoffman  (12),) 
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tains  to  the  south  and  east  which  prevent  inflow 
of  air  from  the  Pacific  at  lower  levels.  The  ex¬ 
ceptional  coldness  of  interior  Greenland  is 
largely  an  effect  of  elevation.  Because  of  more 
ready  access  to  regions  of  warmer  air,  less  ex¬ 
treme  cold  is  observed  over  the  Arctic  Ocean 
and  the  North  American  Continent. 

The  presence  or  nearness  of  open  water  is 
clearly  reflected  in  the  thermal  distribution.  A 
broad  tongue  of  relatively  mild  temperatures 
extends  from  the  Atlantic  to  the  Barents  Sea.  A 
smaller  tongue  of  mild  temperatures  stretches 
northward  through  Davis  Strait  to  Baffin  Bay. 

Mean  surface  temperatures  in  July  (fig.  2.4b) 
likewise  conform  to  the  nature  of  the  underlying 
surface.  Temperatures  close  to  the  melting 
point  prevail  over  the  pack  ice  of  the  Arctic 
Ocean  and  along  the  fringes  of  the  Greenland 
Icecap,  Over  the  interior  of  the  icecap  tempera¬ 
tures  well  below  f^ee^ing  are  observed.  Cool 
temperatures  dip  southward  over  Bering  Sea, 
Hudson  Bay.  Baffin  Ray,  and  other  bodies  of  open 
water.  Over  continental  interiors  thclonghours 
of  sunshine  produce  warm  temperatures  even 
close  to  the  Arctic  Circle.  Mean  tempornturos 
of  130'*  K.  and  aliove  occur  <»ver  central  Alaska, 
northwest  (Canada,  and  avast  region  of  northern 
Hussia  and  Siberia, 

2.2.2  Mean  Daily  Maximum  and  Minimum  Tem¬ 
peratures  and  Kxtreme  Temperatures 

More  detailed  information  concerning  teni'* 
pt'rature  behavior  in  the  yNretic  is  contained  in 
the  graphs  of  mean  temperature,  mean  daily 
ttiaxinuim  and  minimum  temperatures,  and 
monthly  extreme  temperatures  appearing  in  fig¬ 
ure  2.5.  In  winter  n  great  variation  in  absolute 
minlmuiu  temporature  is  seen  to  exist,  ranging 
from  near  0®!'.  at  ci>astal  and  island  stations 
facing  on  the  Atlantic  to  as  low  as -00*  F,  in  river 
valleys  of  eastern  Siberia,  Stations  only  a  short 
distance  removed  froni  the  moderating  effects 
(>f  the  oceans  (Gambell,  Anchorage,  Upernavik, 
Kajanni)  exhibit  absolute  minima  in  the  -20*  F. 
to  -40*  F.  range,  and  temperatures  below  -40*  K, 
have  been  recorded  over  vast  portions  of  the 
North  American  and  Eurasian  Continents  and  the 
Arctic  Ocean.  The  coldest  temperature  on  rec¬ 
ord  is  a  rending  of  -93,0*  F.  nt  Verkhoyansk  in 
Sil>erin,  though  it  now  appears  that  another 
Siuerian  station,  Oymyakon,  is  the  persistently 
coldest  spot  in  the  Northern  Hemisphere.  By 
way  of  contrast  the  coldest  temperature  ever 
recorded  over  the  North  AmoricanContinent  was 
a  rending  of  -81  *  F,  at  Snag  Airport  in  the  Yukon. 
Temperatures  as  low  as  -84.6*  F.  have  been  re¬ 


corded  in  central  Greenland  (Wegener  Expedi¬ 
tion)  and  as  low  as  -62*F,  over  the  pack  ice 
(Fram  Expedition). 

In  summer  absolute  minimum  temperatures 
vary  relatively  slightly,  hovering  near  the  freez¬ 
ing  mark  at  most  localities,  An  exception  is  cen¬ 
tral  Greenland  where  temperatures  as  low  as 
•19*  F,  have  been  measured  in  July. 

Absolute  maximum  temperatures  of  90*  F, 
and  above  are  not  uncommon  in  the  continental 
interiors  in  summer.  At  Verkhoyansk  the  tem¬ 
perature  has  risen  to  94*?*.,  making  an  absolute 
range  of  188*  F,,  the  largest  on  earth.  Most  arc¬ 
tic  coastal  and  island  stations  experience  tem¬ 
peratures  in  the  50's,  60*s,  70*s,  and  even  the 
80*s  in  summer.  Over  the  pack  ice,  on  the  other 
hand,  absolute  maxima  are  in  the  upper  30's,  and 
over  central  Greenland  the  temperature  fails  to 
reach  the  melting  level, 

2,2.3  Mean  Vertical  Temperature  Distribution 

Although  the  polar  regions  are  often  re¬ 
garded  ns  source  regions  for  arctic  air  masses, 
it  must  be  realized  that  the  concept  of  an  air 
mass  «is  a  homogeneous  body  of  air  is  a  consi¬ 
derable  oversimplification  and  that  no  single 
sounding  can  adequately  j)ortray  the  structure 
of  the  polar  atmosj)here  nt  a  jiarticular  season. 
In  fart,  a  certain  riogrre  of  horizontal  tcmjicra- 
turc  variation  is  characteristic  of  most  polar  air 
masses,  coldest  temperatures  near  the  surface 
usually  occurring  c  lose  to  centers  of  anticyclones 
while  aloft  they  are  more  usually  found  in  regions 
of  low  pressure, 

Many  of  the  features  of  the  thermal  struc¬ 
ture  ar«‘  brought  out  by  the  mean  soundings  for 
January  and  July  in  figures  2,Ga  and  2.G1j.  Even 
in  the  mean  a  strong  inversion  exists  nt  all  in¬ 
terior  stations  during  the  winter.  It  generally 
reaches  to  a  height  of  1  to  2  kilometers,  and  the 
temperature  increase  between  bottom  and  top 
may  exceed  10®C,  At  coastal  stations  (Tromso) 
a  jnorc  normal  lapse  rate  exists  in  the  lower 
levels. 

Tlie  tropopause  in  winter  lies  near  the  9 
kilometer  level.  Above  the  tropopause  the  tem¬ 
perature  becomes  more  or  less  Isothermal  at  the 
more  southerly  stations.  In  the  extreme  north 
it  slowly  decreases  to  a  minimum  at  a  height  of 
about  30  kilometers. 

In  summer  the  inversion  disappears  at  in¬ 
land  stations  but  still  persists  in  much  weakened 
form  over  the  pack  ice  and  along  the  shores  of 
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the  polar  seas.  The  tropopause  is  somewhat 
higher  In  summer  thanin  winter,  averaging  about 
1  0  kilometers.  In  the  first  few  kilometers  above 
the  tropopause  the  temperature  rises  sharply. 
Higher  up  the  lapse  rate  is  essentially  isother¬ 
mal. 

The  figures  well  support  the  earlier  state¬ 
ment  that  considerable  hori2ontal  temperature 
differences  occur  in  the  polar  atmosphere.  This 
is  true  both  in  the  troposphere  and  stratosphere. 

2,2.4  Mean  Meridional  Cross  Sections  of  Tem¬ 
perature  and  Wind 

The  average  temperature  and  wind  condi¬ 
tions  in.  the  Arctic  are  further  elaborated  by 
means  of  the  meridional  cross  sections  in  fig¬ 
ures  2,7a  and  2,7b.  Although  large  in  individual 
cases,  tropospheric  temperature  gradients  over 
the  polar  region  in  winter  (fig.  2.7a)  are  small 
on  the  average  and.  in  accordance  with  the  ther¬ 
mal  wind  relationship,  the  wind  changes  only 
slowly  with  height.  Weak  easterlies,  reaching 
to  heights  of  less  th.an  5  kilometers  (500  mb.), 
prevail  near  the  surface  north  of  70  degrees  lati¬ 
tude;  feeble  westerlies  lie  above.  The  main  fea¬ 
ture  of  interest  in  the  temperature  pattern  is  the 
inversion  which  extends  to  heights  of  I  to  2  kilo¬ 
meters  tliroughout  most  of  the  polar  and  subpolar 
area. 

In  winter  the  polar  stratosplierc  contains 
a  unique  temperature  and  wind  regime  which  is 
separated  from  thcregimesof  tropicalnnd  tem¬ 
perate  regions  by  a  bandof  relatively  warm  tem¬ 
peratures,  extending  from  the  tr'opopause  to 
about  25  kilometers  and  girdling  the  globe  at 
latitudr.s  between  50*  N.  and  GO^N.  North  of  this 
warm  belt  tem|)crnturcs  undergo  a  steady  and 
pronounced  decrease  to  the  pole,  the  coldest  tern  - 
peratures  of  all  occurring  near  the  pole  at  the 
30  kilometer  level  (10  mb.).  Within  the  region 
of  pronounced  cooling  the  westerly  w'inds  in¬ 
crease  rapidly  with  height  anda  westerly  strato¬ 
spheric  jet  stream  appears  at  latitudes  of  n0*N, 
to  70*  N.  The  core  of  this  jet  is  believed  to  lie 
at  about  60  kilometers  height  and  55*  N.  latitude. 

Mean  temperature  and  wind  gradients  re- 
niain  small  in  the  polar  troposphere  in  sumtner. 
Tlie  easterlies  near  the  surface  shrink  in  depth 
to  less  than  2  kilometers  and  shift  to  the  latitude 
belt  between  fiO®  N,  and  75‘’N'.  The  low-level  in¬ 
version  diminishes  greatly  in  intensity  and  ex¬ 
tent,  occurring  only  over  the  Arctic  Ocean  to 
heights  of  about  1  kilometer. 

The  temperature  gradient  in  summer  re¬ 


verses  above  the  tropopause  so  that  the  warmest 
temperatures  are  found  at  the  pole  itself.  In 
connection  with  this  reversed  temperature  gra¬ 
dient,  the  westerlies  decrease  with  height  and 
switchover  to  easterlies  in  the  layer  between  15 
and  20  kilometers.  The  core  of  the  easterlies 
appears  to  lie  in  the  Tropics  at  a  height  of  about 
50  kilometers  so  that  the  easterly  regime  at  high 
levels  in  summer  is  by  no  means  a  peculiarity 
of  the  polar  region. 

The  warmth  of  the  polar  stratosphere  in 
summer  is  explained  by  the  maximum  of  insola¬ 
tion  at  high  latitudes  and  the  absorption  of  the 
short  wave  radiation  by  atmospheric  ozone.  With 
the  absence  of  solar  radiation  in  winter,  strong 
cooling  occurs,  and  the  temperature  swings  to 
the  opposite  extreme.  Dynamic  factors  may  also 
be  involved  in  the  maintenance  of  the  winter  cold 
pool. 

2.3  Surface  Winds 

The  general  features  of  the  wind  circulation 
over  the  Arctic  have  already  been  discussed  in 
connection  with  the  charts  of  mean  pressure. 
In  this  section  we  will  consider  the  seasonal  and 
geogra}>hical  vari.ations  in  wind  speed  and  the 
frequency  with  which  gales  ocmir  at  different 
localities, 

'rhree  main  factors  influence  v/ind  speeds 
in  the  Arctic:  (1)  the  pressure  gradients  asso¬ 
ciated  with  cyi'lones  and  anticyclones,  (2)  the 
static  stability  of  the  air  in  lh(‘  layer  near  the 
ground,  and  (3)  features  of  the  local  topography. 
Average  wind  speeds  tend  to  be  l.urge  In  ar<*ns 
whei'c  cyclonic  storms  arc  frequent  and  relative¬ 
ly  intense,  and  small  in  regions  whore  nnlit'y- 
clonic  comlitions  |)rodominate.  However,  the 
strength  of  the  wind  corresponding  to  a  given 
)>ressurc  gi'ndient  is  mut'h  affected  liy  the  stn- 
l)iUty  of  the  air.  When  an  inversion  is  present 
very  little  mixing  occurs  between  the  inv<*rsion 
layer  and  the  faster  moving  layers  above.  Thus, 
the  momentum  lost  to  the  ground  by  friction  is 
only  weakly  replenished  from  above,  and  the  .sur¬ 
face  wind  speed  becomes  much  reduced  relative 
to  the  gradient  wind  spee«l.  On  the  (jther  harul, 
under  unstable  conditions  the  surface  win<l  may 
attain  speeds  almost  as  great  as  at  the  gradient 
wind  level. 

Many  of  the  aspects  of  the  behavior  of  wind 
speed  in  the  Arctic  can  be  explained  solely  in 
terms  of  characteri  sties  of  large-scale  pressure 
systems  and  variations  in  static  stability.  I^cal 
rfferts,  however. are  often  of  great  importance, 
especially  where  strong  winds  are  conterned. 


rifur*  J.5.  Monthly  Temperature  Distributions  at  Selected  Stations. 
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Ftffure  2,5.  Monthly  Temperature  Distributions  at  Selected  Stations. 
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FlgAjre  2.6.  Some  Representative  Mean  Temperature  Soundings,  lAfter  Rare  and  Orvlg  [3J.) 


-  20 


Because  of  these  local  effects,  connected  with 
features  of  the  topography,  considerable  care 
must  be  exercised  in  selecting  representative 
stations  to  depict  wind  behavior  in  the  Arctic, 
and  even  with  careful  selection  no  small  sample 
can  be  expected  to  portray  adequately  the  full 
range  of  behaNdor.  With  this  caution  in  mind, 
graphs  of  average  wind  speed  and  frequency  of 
gales  are  presented  in  figure  2.8, 

It  is  immediately  apparent  from  the  graphs 
that  mean  annual  wind  speeds  tend  to  be  greatest 
at  exposed  coastal  locations  in  regions  of  rela¬ 
tively  high  storminess  (Jan  Mayen.  Vardo,  Ostrov 
DUcsona).  At  these  same  locations  storms  are 
most  Intense  in  winter  and  seasonal  variations 
in  stability  are  relatively  minor;  consequently, 
wind  speeds  are  distinctly  greater  In  winter  than 
in  summer.  The  effect  of  exposure  is  clearly 
evident  when  winds  at  Angmagssalik  and  Anchor¬ 
age  are  compared  with  those  at  the  preceding 
stations.  Although  both  sets  of  stations  are  in 
coastal  regions  of  frequent  and  sometimes  in¬ 
tense  cyclonic  activity,  winds  at  the  latter  two 
stations  are  generally  light  because  of  sheltered 
Locations. 

If  local  effects  arc  excluded,  the  general 
statement  can  be  made  that  in  the  yearly  mean, 
lightest  winds  occur  in  continental  interiors 
(Verkhoyansk,  Fairbanks,  Watson  Lake).  This 
circumstance  may  be  attributed  to  the  effect  of 
the  inversion  in  reducing  wind  speeds  in  winter 
and  to  the  prcscnceof  comparatively  weak  pres¬ 
sure  gradients  in  summer  when  the  inversion 
Is  absent.  The  effect  of  the  inversion  in  reduc¬ 
ing  the  wind  is  so  pronounced  that  nearly  all  in¬ 
land  stations  show  an  annual  minimum  in  wind 
speed  during  the  winter  or  early  spring, 

A  number  of  stations  (Barrow,  Anchorage, 
llpornnvik)  display  complex  variations  in  monthly 
mean  wind  speeds.  In  some  cases  the  complexi¬ 
ties  arc  due  to  irregularities  caused  by  the  short 
period  of  record.  In  others  they  are  the  result 
of  complex  variations  in  pressure  gradients  and 
stabilities.  For  instance,  certain  stations  near 
the  Arctic  Ocean  experience  a  semiannual  varia¬ 
tion  In  stability  with  minima  in  spring  and  fall. 
At  such  stations  (for  example.  Barrow)  the  wind 
tends  to  be  strongest  at  these  seasons  and  to 
»*each  minima  in  winter  and  summer. 

In  general,  gales  arc  most  frequent  in  re¬ 
gions  where  mean  wind  speeds  arc  greatest. 
However,  because  of  the  effects  of  topography 
in  producing  excessively  high  winds  at  certain 
localities,  there  is  by  no  means  an  exact  corres¬ 
pondence,  Vardo  and  Wales,  for  instance,  have 


nearly  Identical  mean  annual  wind  speeds,  yet 
gales  are  more  than  three  times  as  common  at 
Wales.  The  effect  of  local  topography  in  pro¬ 
ducing  excessive  winds  is  further  brought  out 
by  comparing  the  annual  number  of  gales  at  two 
pairs  of  neighboring  stations  in  Greenland,  Uper- 
navik  and  Marrak,  and  Angmagssalik  and  Atter- 
buryDome.  Threefold  to  fivefold  variations  are 
seen  to  occur  in  short  distances. 

The  wind  speed  over  the  polar  sea  averages 
close  to  10  miles  per  hour  and  is  characterised 
by  an  irregular  variation  which  will  require  many 
more  years  of  data  to  clarify.  No  doubt  regional 
differences  in  wind  behavior  will  be  found  to 
exist  so  that  reports  from  a  single  drifting  sta¬ 
tion  are  not  sufficient  to  define  the  wind  regime 
of  the  whole  basin.  However,  it  does  seem  well 
established  that  gales  are  infrequent  over  all 
sectors  of  the  Arctic  Ocean,  Winds  of  gale  force 
(>32  m,p,h.)  are  observed  only  a  few  times  a 
year,  and  speeds  of  40  miles  per  hour  appear  to 
be  close  to  an  upper  limit  for  the  pack  ice.  The 
dearth  of  extreme  winds  is  due  in  pai  l  to  lliehigh 
frequency  of  inversions  and  in  part  to  the  ab¬ 
sence  of  topographic  effects.  The  early  conclu¬ 
sion  that  the  lack  of  strong  winds  indicates  a 
lack  of  cyclonic  storms  is  not  supported  by  re¬ 
cent  synoptic  evidence. 

In  central  Greenland,  contrary  to  other  In¬ 
teriors,  the  wind  is  greatest  in  winter  and  least 
in  summer,  Inthls  region  the  inversion  persists 
throughout  the  year,  and  the  pressure  gradient 
is  the  controlling  factor  In  the  annual  cycle. 
From  the  700-mb.  charts  presented  earlier  it 
is  evident  that  the  stronger  gradients  occur  in 
winter, 

2.4  Cloudiness 

Geographical  and  seasonal  variations  in 
cloudiness  in  the  Arctic  depend  less  on  the  be¬ 
havior  of  frontal  systems  and  cyclonic  storms 
than  on  the  character  and  changes  in  character 
of  the  underlying  surface.  The  melting  of  the 
pack  ice  in  summer  is  conducive  to  the  forma¬ 
tion  of  a  low-level  inversion  and  to  the  develop¬ 
ment  of  persistent  fog  and  stratus.  Mean  cloud 
cover  in  excess  of  90  percent  may  be  observed 
during  some  summer  months  and  the  amount 
generally  exceeds  80  percent.  In  autumn,  fol¬ 
lowing  the  freezing  over  of  the  ice.  the  cloudi¬ 
ness  diminishes  rapidly  and  reaches  minimum 
values  of  30  to  40  percent  in  winter  and  early 
spring. 

Over  land  areas  the  variation  in  cloudiness 
is  more  complex,  consisting  at  many  stations  of 
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double  maxima  and  minima.  The  primary  mini* 
mum  generally  occurs  in  winter.  A  secondary 
maximum  follows  in  May  or  June  in  connection 
with  the  melting  of  the  snow  cover.  Once  the 
snow  is  gone,  the  land  warms,  lapse  rates  be¬ 
come  less  stable  and  the  amount  of  low  cloudi¬ 
ness  is  diminished.  The  summer  minimum  is 
short-lived,  and  by  early  fall  the  primary  maxi¬ 
mum  is  attained  at  most  stations.  With  the 
freezing  of  lakes  and  other  bodies  of  water  in 
late  fall,  the  cloudiness  undergoes  a  rapid  de¬ 
crease.  The  secondary  minimum  in  summer 
may  be  lacking  at  coastal  and  insular  stations 
which  arc  under  the  influence  of  flow  from  the 
pack  ice  or  open  water. 

Over  and  along  the  fringes  of  the  Norwegian 
and  Barents  Seas  the  seasonal  variation  in  cloud¬ 
iness  is  slight,  the  amount  being  large  at  all 
seasons.  Some  stations  report  average  j'early 
values  in  excess  of  80  percent.  Because  of  the 
prevalence  of  inversions,  stratus  isthe  dominant 
cloud  type  in  summer.  In  winter  the  largo  cloud 
amounts  are  due  in  part  to  the  great  amount  of 
cyclonic  activity  and  in  part  to  the  formation  of 
stratocumulus  decks  when  air  from  the  pack  icc 
streamsover  the  relatively  warm  ocean  waters. 
Since  the  cloudiness  spreads  inhincl  a  considor- 
al'io  distance,  interior  stations  in  the  regions 
adjoining  those*  seas  possess  relatively  large 
cl()\ui  nmotints  in  winter.  At  these  stations  the 
primary  minimum  comes  in  early  summer  and 
the  late  spring  secondary  maximum  is  mu<-h 
suppressed.  Many  of  the  foregoing  comments 
are  illustrated  by  tijc  graphs  in  figure  2.9, 

Hocords  from  the  Tnim,  Barrow,  and  Bukhta 
Tikhaya  cxlilbii  the  summer  maximum  and  win- 
tpi'  mlnlnuiin  typical  of  stations  over  and  at  the 
edge  of  the  pack  ice.  Anchorage,  Pond  Inlet,  Hay 
Hiver,  Turnikhansk,  and  other  landstations  show 
the  secoiulary  maximum  at  the  lime  of  spring 
molt,  l.arge  annual  amounts  with  little  month 
to  month  variation  are  evident  at  Heykjavik,  Jan 
Mayen,  and  Angmagssalik.  Kajoani  furnishes  an 
example  of  an  inland  station  with  relatively  large 
wintertime  cloudiness  anrl  supprcsse<l  secondary 
maximum  in  late  spring.  Somewhat  unique  is 
Verkhoyansk,  an  interior  station  withsmgie  pro- 
nuunced  summer  maximum  and  winter  minimum. 

2.r>  Hrerij>itati^ 

Because  of  tlic  blowing  and  drifting  of  snow, 
accurate  mcasureiTient  of  precipitation  is  difii- 
t  ult  to  achieve  in  the  Arctic  and  data  regarding 
amounts  must  be  accepted  with  some  reserva¬ 
tions,  Howev«»r,  the  uncertainties  are  not  suffi¬ 
ciently  great  to  obscure  the  broad  features  of 


the  precipitation  distribution. 

In  general,  annual  precipitation  amounts  in¬ 
crease  southward  from  the  pole.  Over  and  along 
the  fringe  of  the  Arctic  Ocean  annual  amounts 
(including  both  rain  and  the  water  equivalent  of 
snow)  average  less  than  5  inches  and  rise  to 
about  1 5  inches  at  more  southerly  locations  in 
Kurasia  and  North  America.  Much  higher 
amounts  are  measured  at  coastal  spots  adjoining 
the  Atlantic  Ocean  and  the  open  waters  of  adja¬ 
cent  seas;  amounts  of  40  to  60  inches  or  even 
higher  being  common  in  Norway,  Iceland,  and 
southern  Greenland, 

Over  most  of  the  Arctic  the  maximum  pre¬ 
cipitation  occurs  in  late  summer  and  the  mini¬ 
mum  in  winter  or  spring.  Such  an  annual  cycle 
clearly  reflects  the  effect  of  air  temperature  in 
determining  the  capacity  of  the  air  to  hold  water 
vapor.  The  only  regions  which  depart  signifi¬ 
cantly  from  this  regime  are  the  aforementioned 
areas  bordering  the  open  seas.  In  these  areas 
temperatures  are  higher  and  there  is  a  plentiful 
moisture  supply  so  that  the  degree  of  cyclonic 
activity  becomes  a  more  important  factor.  Since 
the  slorminoss  is  at  a  peak  in  fall  and  winter, 
maximum  precipitation  is  obtained  at  these  sea¬ 
sons,  Minimum  amounts  (but  not  generally  be¬ 
low  those  of  Ollier  i>ortlons  of  the  Arctic)  arc 
measured  in  summer, 

Tlie  annual  cycle  at  selected  stations  is 
illiistrntetl  in  figure  2.10, 

2,5,1  Snow  Dcptli 

Because  of  thcircffect  on  energy  and  mois¬ 
ture  transfer  processes  at  the  surface,  the 
amount,  extent,  and  duration  of  snow  on  the 
ground  are  imiiorlant  <*lcments  in  Ihc arctic  cli¬ 
mate,  Some  idea  of  the  monthly  variation  in  snow 
depth  may  be  gained  from  the  graphs  in  figure 
2.)  ),  It  must  be  noted  that  snow  depths  undergo 
extreme  variations  in  short  distances  as  a  result 
of  drifting  and  that  only  broad  conclusions  can 
be  drawn  from  the  records  of  selected  stations, 
Kor  instance,  Narssaq  on  the  southern  tip  of 
Greenland  reports  an  average  snow  depth  of  4 
inches  in  March,  while  Brins  Christ:ans  Siind 
less  than  200  miles  away  reports  a  dcplh  of  60 
inches.  These  fliffcrcnccs  clue  to  exposure  must 
be  kef)t  m  mind  in  interpreting  data  on  sn  uw  depth. 

Over  the  Arctic  (Jeean  snow  begins  to  accu- 
iTuilnto  the  icc  in  late  August  or  Sejiternber 
and  reaches  a  depth  of  about  1  foot  by  late  spring. 
The  snow  generally  begins  to  melt  in  June  and 
disappears  almost  entirely  in  July. 


Figure  2,8,  Monthly  Me^tn  Wjnd  Speeds  (m.p.h.)  and  Frequency  of  Gales. 
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FJ^ure  2.9.  Nfonthly  Mean  Cloud  Cover  (%) 
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Kjjfxirt*  2. JO.  Monthly  Mean  I'rr-i'ipitation  (VVatrr  Kqui vrilent  in  Int  hos). 
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Fiifurr  2.11.  Monthly  Avpr.ngo  Snow  Ijppth  (Infhos). 


-  30  - 


An  especially  long  snow  season  also  exists 
over  northern  Siberia  where  the  ground  is  first 
covered  in  late  September  or  October  and  does 
not  become  bare  again  until  June,  At  most  sta¬ 
tions  in  this  area  the  snow  achieves  maximum 
depths  of  1  to  2  feet  in  March  or  April,  and  sub¬ 
stantial  depths  persist  throughout  May.  Scat¬ 
tered  stations  in  the  Queen  Elizabeth  Islands  and 
along  the  coast  of  Greenland  experience  simi¬ 
larly  prolonged  snow  seasons.  Usually  these 
stations  are  characterized  by  heavy  accumula¬ 
tions  with  depths  as  great  as  5  feet  reported  at 
some  places. 

Over  interior  portions  of  the  Arctic  snow 
cover  generally  persists  from  October  to  May 
and  reaches  a  depth  of  about  2  feet  in  late  win¬ 
ter  and  early  spring.  At  the  outer  edges  of  the 
Arctic  the  snow  usually  disappears  by  the  end  of 
April. 

Coastal  stations  in  Iceland  receive  only 
slight  accumulations.  Inland  stations  may  have 
rtejithsnf  nlmnst  2  feet  (Grinisstadhir)  with  only 
a  short  period  of  bare  ground  during  the  summer. 
Small  accumulations  arc  also  observed  along 
the  south  coast  of  Norway,  However,  amounts 
gradually  increase  to  the  north  and  at  Vardo, 
for  instance,  u  depth  of  nearly  3  feet  is  attained 
in  March, 

l-’roni  the  brief  data  considered  it  would 
a})pear  that  the  snow  depths  at  arctic  stations 
depend  on  temperature,  precipitation,  and  (most 
importantly)  on  the  local  vagaries  of  the  wind. 
Until  more  representative  snow  measurements 
are  available,  many  of  the  foregoing  remarks 
must  be  regarded  as  tentative. 

2.6  Fog  and  Visibility 

Fog  occurs  with  greatest  frequency  over 
the  Arctic  Ocean  and  along  the  adjoining  coasts, 
many  stations  in  these  areas  report  this  pheno¬ 
menon  on  more  than  100  days  per  year.  F'og 
occurs  much  less  frequently  at  most  inland 
localities. 

At  all  oceanic  and  coastal  stations  the  fog 
IS  mo:!»t  frequent  in  summer  and  least  in  winter. 
The  summer  fog  is  of  the  advection  type,  being 
caused  by  the  chilling  of  relatively  warm,  moist 
air  In  its  passage  over  the  melting  icc  surface 
or  cold  waters.  It  is  extremely  patchy,  and  a 
daily  occurrence  may  often  represent,  at  most, 
a  few  hours  of  low  visibility. 

The  fog  regimes  at  inland  stations  are  quite 
different  than  at  coastal  stations  and  are  of  two 


different  types.  Some  stations  exhibit  the  great¬ 
est  frequency  of  fog  in  the  fall  or  early  winter. 
The  fogs  at  these  stations  belong  mainly  in  the 
radiation  category  and  are  connected  with  the 
cooling  of  the  ground  and  the  development  of 
pronounced  inversions.  At  other  stations  the 
maximum  is  reached  in  mid-winter  at  the  time 
of  coldest  temperatures.  The  fogs  in  these  cases 
are  ice  fogs  caused  by  the  addition  of  moisture 
to  the  air  by  human  activities. 

The  graphs  in  figure  2,12  bring  out  some  of 
the  more  salient  features  of  the  fog  distribution. 
Many  stations  (the  Maud,  Jan  Mayen,  Barrow, 
Bukta  Tikhaya,  and  Ostrov  Diksona)  furnish  ex¬ 
amples  of  large  annual  frequencies  and  summer 
maxima.  The  lesser  annual  frequencies  and  fall 
maxima  at  inland  stations  are  illustrated  by  the 
records  for  Fort  Good  Hope,  Kajaani,  and 
Turukhansk,  Fairbanks  with  its  extensive  mili¬ 
tary  and  aircraft  operations  is  an  outstanding 
example  of  a  station  with  a  sharp  peak  in  fog 
occurrence  in  winter  due  to  the  formation  of  icc 

Verkhoyansk  shows  a  double  maximum  prob¬ 
ably  ns  a  result  of  radiation  fog  in  the  early  fall 
and  ice  fog  in  the  winter.  Other  stations  (not 
shown)  also  display  more  complex  distributions. 
Stations  slightly  removed  from  the  coast  are 
subject  to  both  the  advection  fogs  of  summer  and 
radiation  fogs  of  fall  and  winter.  At  such  sta¬ 
tions  double  maxima  or  flat  distribution  may 
occur, 

Finally  it  should  be  remarked  that  the  few 
stations  in  figure  2.1 2  cannot  adequately  portray 
the  inlrii  acics  of  the  fog  distribution.  Fog,  like 
wind  speed  and  snow  depth,  is  much  affected  by 
ihr  local  topography  and  large  variations  in  be¬ 
havior  may  occur  in  short  distances. 

2.6J  Other  Visibility  Reducing  Factors 

The  polar  atmosphere  is  relatively  uncon- 
taminatod  by  smoke,  dust,  and  other  Impurities 
so  that  falling  snow,  blowing  snow,  and  Ice  crys¬ 
tal  haze  constitute  the  only  additional  visibility 
reducing  factors  of  importance.  Of  these  only 
blowing  snow  is  of  major  importance. 

Information  on  the  frequency  of  blowing  snow 
is  scanty.  Coastal  stations  of  Russia  and  Siberia 
report  100  or  more  days  of  blowing  snow  per 
year.  During  the  winter  months  snow  may  blow 
on  more  than  half  the  days. 

Statistics  on  blowing  snow  at  Point  Barrow 
on  the  Alaskan  coast  are  similar  to  those  at 
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Siberian  coastal  stations.  During  the  winter  of 
1 9  57-19  58,  a  normal  winter  as  far  as  wind  speeds 
were  concerned,  blowing  snow  was  observed  on 
73  days  in  the  6  month  period  from  November 
through  April  and  on  23  percent  of  the  hourly 
observations. 

Since  the  frequency  of  blowing  snow  de¬ 
pends  mainly  on  the  frequency  with  which  the 
wind  exceeds  a  certain  critical  speed  -  gener¬ 


ally  about  10  knots  in  the  Arctic  -  a  sharp  de¬ 
crease  in  the  number  of  occurrences  is  to  be 
expected  at  interior  stations  where  w-inds  are 
characteristically  light  in  winter.  As  the  wind 
rises  above  the  critical  value  the  visibility  lowers 
and  usually  becomes  less  than  1  mile  when  the 
wind  attains  a  speed  of  2  5  knots.  Thus,  the 
graphs  on  wind  speed  (fig,  2.8)  give  at  least  a 
crude  idea  of  the  locations  at  which  blowing  snow 
maybe  a  frequent  hazard  in  aircraft  operations. 


Fiifure  2,I2,  Mean  Number  of  Days  with  Fog, 


Figure  2.12,  Mean  Number  of  Days  with  Fog. 
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3.  THE  STRUCTURE  AND  BEHAVIOR  OF  ARCTIC  WEATHER  SYSTEMS 


Until  fairly  recently  it  was  believed  that 
the  circulation  at  low  levels  in  the  Arctic  is 
characterized  by  a  more  or  less  permanent  anti¬ 
cyclone,  This  view  is  now  known  to  be  incor¬ 
rect,  Weather  data  gathered  from  drifting  ves¬ 
sels,  ice  stations,  air  reconnaissance,  and  an 
expanded  network  of  land  stations  make  it  abun¬ 
dantly  clear  that  the  Arctic  is  a  region  of  mod¬ 
erate  synoptic  activity.  Migratory  high  and  low 
pressure  areas,  frontal' systems,  upper  waves, 
and  jet  streams- -the  familiar  synoptic  entities 
of  middle  latitudes“-appear  regularly,  if  not  fre¬ 
quently,  north  of  the  Arctic  Circle.  These,  and 
other  features  of  the  arctic  circulation,  will  be 
discussed  and  illustrated  in  this  chapter, 

3,1  Baroclinic  Disturbances 

This  term  refers  to  large-scale  cyclonic 
disturbances  which  owe  their  origin  primarily 
to  strong  thermal  contrasts  and  which  exhibit  a 
considerable  degree  of  thermal  asymmetry.  We 
will  understand  it  to  include  both  wave  cyclones 
and  others  in  which  the  thermal  contrasts  are 
not  sufficiently  sharp  to  permit  easy  identifica¬ 
tion  of  fronts. 

In  most  areas  and  seasons,  temperature 
differences  are  greatest  at  middle  latitudes  so 
that  the  main  regions  of  cyclonic  activity  Ho  out¬ 
side  theArctic.  Cycloncsover  Ihepolnrcap  are 
mostly  remnants  of  storm  systems  which  have 
entered  the  Arctic  during  the  final  or  occluded 
stage  of  the  lifecycle;  and  once  Imbedded  in  the 
cold  nir  they  gradually  fill  and  disappear  at  the 
surface,  while  aloft  they  may  persist  for  long 
periods  ns  thermally  symmetric  cold  lows. 

Despite  the  preponderance  of  cold  low  struc¬ 
tures  In  polar  regions,  there  arc  also  numerous 
instances  of  baroclinic  developments.  Outstand¬ 
ing  examples  of  these  occur  along  the  northern 
coasts  of  Siberia,  Alaska,  and  Canada  during  the 
summer  season.  Ultimately  they  arc  connected 
with  the  strong  thermal  contrasts  that  develop 
along  the  continental  shores  due  to  the  different 
responses  of  land  and  ice  surfaces  to  the  solar 
radiation.  The  land  absorbs  a  large  fraction  of 
the  Incident  radiation  and  in  this  way  warms 
appreciably.  The  ice  reflects  a  greater  propor¬ 
tion  of  the  insolation  and.  furthermore,  cannot 
warm  above  the  melting  temperature  of  32*  F. 

Although  the  land -icc  boundary  is  ultimately 
responsible  for  the  summer  storms,  it  should 
ni)l  be  inferred  that  a  more  or  less  permanent 


frontal  zone  parallels  the  arctic  coast  in  sum¬ 
mer  and  that  cyclone  development  is  confined  to 
a  coastal  strip.  The  differing  properties  of  the 
land  and  ice  surfaces  set  up  and  maintain  the 
broad  thermal  contrasts  that  later  sharpen  into 
fronts.  The  locations  of  the  fronts  in  any  given 
case  are  determined  as  much  by  the  state  of  the 
general  circulation  as  by  the  locations  of  heat 
sources  and  sinks. 

A  second  region  of  important  baroclinic  de¬ 
velopment  is  found  off  the  east  coast  of  Green¬ 
land  during  the  cold  season.  Developments  are 
often  complex  in  this  region,  being  more  in  the 
nature  of  rejuvenations  of  old  systems  from  the 
Atlantic  and  North  America  than  entirely  new 
formations,  Vorticity  generation  in  the  lee  of 
the  Greenland  ice  barrier,  and  heating  of  arctic 
air  along  the  edge  of  the  ice  pack  contribute  to 
the  developments  in  this  area. 

An  example  of  the  less  commonly  observed 
spontaneous  tyi)e  of  development  is  shown  in  fig¬ 
ure  3,1,  A  weak  low  not  connected  in  any  ob¬ 
vious  way  with  earlier  features  of  the  flow  ap¬ 
peared  off  Greenland  on  the  map  for  2  January 
1958,  During  the  next  2days  it  deepened  some¬ 
what  and  moved  to  the  vicinity  of  Spitzbergen, 
At  that  stage  a  rapid  intensification  occurred, 
accompanied  byu  frontogcncsis,  and  on  the  map 
for  5  January  a  deep  conventional -looking  wave 
cyclone  was  present  near  the  Taymyr  l^cninsula. 
Further  minor  wave  activity  then  took  place  on 
the  newly  formed  frontal  system. 

In  addition  to  these  favored  regions  of  baro¬ 
clinic  development,  there  arc  many  other  areas 
where  thermally  a  symmetric  lows  appear  spora¬ 
dically,  The  large-scale  flow  pattern  is  of  vital 
importance  in  determining  these  less  regular 
occurrences.  When  the  polar  circulation  is  ex¬ 
tremely  anomalous,  as  sometimes  happens  for 
periods  of  several  weeks,  it  is  possible  for  a 
normally  anticyclonic  region  to  become  the  scat 
of  vigorous  cyclonic  activity, 

3.2  Frontal  Systems 

Opinions  regarding  arctic  fronts,  among 
forecasters  with  experience  in  polar  analysis, 
range  through  a  broad  spectrum.  At  one  extreme 
we  find  the  skeptics  who  question  the  existence 
of  true  fronts  in  the  Arctic;  at  the  other  end  of 
the  spectrum  there  are  those  who  maintain  that 
a  more  or  less  permanent  "arctic  front"  oscil¬ 
lates  back  and  forth  along  the  outer  edge  of  the 
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Flffure  3.1.  Esamplr  of  Spontaneous  Development  of  a  1.5^  -  January  2.  1058  through  January  5.  1058 
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Arctic.  The  truth  of  the  matter  lies  somewhere 
between  these  extremes. 

There  can  he  no  doubt  that  the  phenomenon 
which  the  middle  latitude  analyst  marks  on  his 
map  as  a  front  exists  also  in  polar  regions. 
There  are  several  reasons,  however,  why  fronts 
are  not  as  prominent  in  the  Arctic  as  in  more 
southerly  latitudes,  and  these  probably  account 
for  some  of  the  skepticism  regarding  their  exis¬ 
tence.  First,  except  during  the  summer  months, 
fronts  are  not  as  frequent  in  the  Polar  Basin  as 
in  many  other  parts  of  the  globe.  And  such  fronts 
as  do  appear  during  the  cold  season  are  usually 
well  occluded  and  in  the  process  of  decay. 

Anothei'  factor  which  tends  to  make  surface 
fronts  indistinct  is  the  cold  air  “film**  which 
blankets  much  of  the  surface  at  all  seasons. 
This  film  may  mask  rather  substantial  temper¬ 
ature  fluctuations  in  thefree  atmosphere.  Over 
the  pack  ice  in  summer,  for  instance,  surface 
temperatures  hovcrclose  1032*  F.  in  all  sectors 
of  a  storm,  due  to  the  contact  of  the  air  with  the 
melting  ice  surface.  However,  the  cooling 
spreads  upward  relatively  slowly  so  that  frontal 
structure  may  bo  preserved  aloft.  Although  the 
fronts  in  such  cases  are  actually  upper  fronts, 
they  are  sufficiently  close  to  the  surface  lu  be 
entci  oci  in  a  conventional  manner  on  the  surface 
(diart. 

In  rejecting  the  opposite  view--lhat  tliere  is 
a  fnoro  or  less  permanent  “arctic  front**  present 
at  northoi'ly  laiitudes--we  enter  on  the  delicate 
subject  of  frcmlal  philosophy  which  it  is  not  our 
intention  toair  at  length  here.  Wo  will  just  note 
that  (»ll  mctcoroU>giftts  agree  that  low-level 
fronts  nuist  continually  fi  acturc  or  dissolve  in 
order  to  allow  for  the  necessary  exchange  of 
heat  iH'twecn  high  an<I  low  latitudes.  Thus,  any 
given  frontal  system  has  only  a  limited  lifespan, 
and  birth  an<I  decay  (frontogencsis  and  frontolo- 
sis)  are  ever  present.  Because  of  its  brief  exis¬ 
tence,  wc  cannot  speak  of  a  rertainfront  as  being 
(he  “polar  front*’ or  the  “arctic  front*'  unless  i1 
IS  n  member  of  a  family  of  fronts  which  can  be 
clearly  identified  on  the  basis  of  latitude,  tcni- 
perattire,  or  some  other  objective  property, 

Kven  .a  cursory  nitarriinalion  of  historical 
weather  maps  reveals  that  the  number  of  sepa¬ 
rate  frontal  systems  analyj^ed  from  Equator  to 
pole  ran  vary  within  wide  limits.  On  some  days 
fronts  may  he  lacking  over  the  entire  length  of 
North  America;  at  other  times  as  many  as  five 
or  six  frontal  systems  may  be  present.  And  the 
temperatures  associated  w  ith  the  fronts  can  run 
the  gnmvjt.  rnder  these  circumstances,  it  is  an 


oversimplification  of  the  facts  to  say  that  the 
atmosphere  is  composed  of  three  air  masses-- 
tropical,  polar,  and  arctic--separated  by  the 
polar  and  arctic  fronts.  The  analyst  should  not 
force  the  atmosphere  into  a  prescribed  frontal 
mold,  but  should  decide  each  case  on  its  own 
merits.  In  so  doing  he  should  follow'  the  rule 
that  the  simplest  frontal  analysis  is  usually  best. 
It  is  not  good  practice  to  enter  a  front  to  account 
for  every  small  variation  in  temperature,  mois¬ 
ture,  wind,  or  weather. 

In  view  of  the  foregoing  remarks  the  use  of 
the  terms  “arctic  front**  and  “polar  front"  will 
be  avoided  here.  However,  as  stated  previously, 
fronts  of  various  description  do  appear  regularly 
in  the  Arctic,  Moreover,  there  are  noticeable 
regional  and  seasonal  differences  in  their  fre¬ 
quencies,  as  maybe  seen  by  reference  to  figures 
3.2  and  3.3. 

During  the  cold  season  there  are  two  areas 
where  fronts  are  drawn  quite  frequently  in  or 
near  the  Arctic.  A  first  area  covers  the  Green¬ 
land,  Norwegian,  and  Barents  Seas,  and  adjoining 
portions  of  the  Arctic  Ocean.  The  fronts  in  this 
area  a  re  usually  occluded,  although  other  frontal 
structures  arc  analyzed  ns  well.  Quite  often  u 
front  isdravvn  inn  trough  that  extends  from  near 
Iceland  loNovaya  Zemlya,  This  trough  reflects 
the  major  storm  track  that  )>asses  through  the 
region  and  is  pronounced  even  on  the  mean 
monthly  charts.  It  is  the  practice  of  entering 
fronts  in  this  trough  dial  lias  given  rise  to  the 
term  “  Atlantic  an'tic  front,**  Since  the  wisdom 
of  drawing  a  fi'ont  in  this  trough  varies  from 
rase  to  rase,  it  should  not  tie  regardeti  as  a  per- 
jTianrnt  frimlal  zone, 

A  sc('ond  area  of  high  frontal  frequem:y  in 
winter  runs  in  an  arc  from  the  Alaska  Haiige  in 
southern  Alaska  to  the  Canadian  Hockies.  The 
front  in  this  area  is  obviously  a  regional  phe¬ 
nomenon,  connected  with  ttie  presence  of  a  moun¬ 
tain  barrier  and  the  very  different  properties  of 
the  surfaces  on  opposite  sides  of  the  barrier. 
In  many  instances  this  front  may  more  correctly 
be  regarded  as  the  boundary  of  a  shallow  cold 
layer  dammed  up  against  the  mountains.  The 
surface  front  in  such  cases  is  due  to  the  slope  of 
the  terrain  and  not  to  the  slope  of  the  cold  air. 
Consequently,  It  is  questionable  whether  it  should 
be  regarded  as  a  true  front.  At  other  times, 
however,  the  boundary  slopes  and  extends  to 
about  the  700-mb,  level,  justifying  the  drawing 
of  a  front. 

.Sharp  fronts  in  this  area  arc  invariably 
associated  with  the  approach  and  passage  inland 
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of  occluded  cyclones  from  the  Pacific.  When  a 
series  of  cyclones  enters  the  coast,  the  first 
produces  a  low*level  frontogenesis  over  and  to 
the  lee  of  the  mountain  range,  while  succeeding 
lows  induce  waves  on  the  resulting  front.  The 
occluded  front  from  the  Pacific  lies  roughly  nor¬ 
mal  t©  the  so-called  "arctic  front**,  passing 
through  the  wave  crest.  South  of  the  crest  the 
occluded  front  extends  to  the  surface;  to  the  north 
it  is  located  aloft  over  the  wedge  of  arctic  air. 
Since  nearly  all.  if  not  all,  waves  which  form 
along  the  "arctic  front"  owe  their  origin  to  dis¬ 
turbances  moving  inland  from  the  Pacific,  a 
proper  understanding  of  the  weather  attending  a 
particular  wave  requires  that  attention  be  given 
to  both  frontal  systems. 

Figures  3,4  and  3,5  give  an  example  of  the 
type  of  front  under  consideration  and  of  the  inter¬ 
action  of  a  Pacific  disturbance  with  the  front. 
A  cyclone,  which  earlier  had  been  instrumental 
in  forming  the  sharp  frontal  zone,  is  located  over 
Hudson  Bay  on  the  map  for  13  February  1957. 
The  front  stretches  from  this  cyclone  westward 
and  northwestward  ton  storm  entering  the  south 
coast  of  Alaska,  During  the  next  24  hours  the 
Alaskan  low  moves  inland  along  the  preexisting 


front  deforming  it  into  a  waveshape.  The  frontal 
system  accompanying  the  storm  sweeps  east¬ 
ward  south  of  the  low  center.  In  the  particular 
case  shown  here  the  front  has  been  analyzed  as 
a  cold  front.  Ordinarily.it  is  drawn  as  an  occlu¬ 
sion,  and  not  uncommonly  some  sort  of  upper 
frontal  st!*ucture  is  depicted  to  the  north  of  the 
wave. 

A  fast-moving  uppertrough  follows  the  cold 
front.  The  region  of  temperature  concentration 
and  high  wind  speeds  at  500  mb,  lies  to  the  south 
of  the  "arctic  front",  indicating  the  shallow 
nature  of  this  front  and  the  importance  of  the 
upper  wave  in  determining  the  associated  weath¬ 
er,  The  tcmporniisri  i  ’  wind  cross  sections, 
shown  in  figures  and  respectively,  fur¬ 

ther  bring  out  the  distinctions  between  the  two 
frontal  systems.  The  front  from  the  Pacific  is 
diffuse  at  low  levels,  but  is  moderately  strong 
above  BSOmb.  The  temperature  contrast  is  par¬ 
ticularly  large  within  the  zone  marked  by  the 
heavy  lines  in  figure  3.6,  In  the  upper  ti'opo- 
sphere,  the  frontal  zone  broadens,  and  its  boun¬ 
daries  become  indistinct.  The  jet  core  at  300 
mb,  is  clearly  associated  with  this  more  south¬ 
erly  frontal  zone. 
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The  structure  of  the  "arctic  front"  is  very 
different.  The  temperature  gradient  is  huge  at 
and  near  the  surface--35*  F.  in  less  than  50 
miles--while  already  at  850  mb.  it  begins  to 
weaken,  and  at  700  mb.  disappears  altogether, 
A  relatively  weak  offshoot  of  the  main  westerly 
jet  spreads  down  over  the  frontal  surface.  The 
winds  rapidly  shift  to  cast  in  passing  downward 
through  the  frontal  zone  into  the  cold  wedge  be¬ 
low. 

In  the  foregoing  illustration,  the  two  frontal 
and  wind  systems  are  sharply  differentiated. 
Not  all  cases  are  so  clear  cut,  though  the  dual 
components  arc  nearly  always  present.  It  has 
been  helpful  in  describing  the  example  to  make 
use  of  the  currently  popular  term  "arctic  front.* ' 
However,  since  this  phenomenon  appears  to  be 
a  product  of  the  local  topography  rather  than  a 
feature  of  the  planetary  circulation,  it  would  be 
preferable  if  it  were  given  a  more  restrictive 
label. 

In  summer,  a  major  zone  of  frontal  activity 
appears  along  the  rim  of  the  Polar  Basin  from 
Siberia  eastward  to  the  Alaskan  coast  and  thence 
southeastward  to  Hudson  Bay.  The  reasons  for 


this  frontal  activity  have  already  been  discussed. 
Typical  examples  of  developments  in  this  area 
will  be  presented  in  section  3.5, 

3,3  Jet  Streams  and  Tropopause 

Jet  streams  arc  necessary  counterparts  of 
deep  frontal  zones,  and  wherever  such  zones 
occur,  bands  of  high  winds  appear  above  them. 
In  view  of  the  regular  appearance  of  fronts  at 
high  latitudes,  jet  streams  are  a  common  fea¬ 
ture,  too.  Shallow  fronts  connected  with  topo¬ 
graphical  features  arc  not,  of  course,  accom¬ 
panied  by  high  level  jets.  On  the  other  hand, 
definite  wind  maxima  often  occvir  aloft  above  dif¬ 
fuse  baroclinic  zones  which  are  lacking  surface 
fronts.  Although  there  is  not  a  one  to  one  cor¬ 
respondence  between  fronts  and  jet  streams  at 
high  latitudes,  nevertheless,  their  frequencies 
arc  probably  not  very  different. 

In  this  connection,  it  is  unfortunate  that  the 
term  the  "jet  strcam"--implying  a  single  river 
of  high  winds  encircling  the  globe  at  middle  Inti- 
tudes--is  in  such  common  use.  Like  the  use  of 
the  terms  the  "polar  front"  or  the  "arctic  front," 
it  represents  a  gross  oversimplification  of  the 
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ntniospheric  t  irrulation  as  enn  easily  be  verified 
liy  rxarninntion  of  honusphorlc  maps.  In  realily, 
the  atmosphere  possesses  at  any  given  time  a 
number  of  jets  of  varying  length  which  may 
branch  or  merge  but  which  seldom  form  a  sini- 
[ile  pattern.  This  behavior  is  consistent  with 
the  previously  noted  rruiltipU'  and  fragmentary 
nature  of  frontal  systems. 

Tlie  (h’grcc  of  organization  of  jet  streams 
depemis  highlyon  the  stateof  the  general  circu- 
lati<'ri,  and  occasional  instances  of  very  simple 
and  stable  jet  configurations  can  be  found,  Kven 
iri  Such  c  scs  it  is  usual  for  the  jet  tf>  tjccur  in 
two  or  more  separate  bands,  one  of  which  may 
lie  located  at  high  latitudes. 

The  foi  egoing  remarks  serve  to  emphasize 
Mo*  fact  that  jet  streams  arc  a  regular  feature 


of  the  arctic  circulation,*  Some  of  the  rharat?- 
leristjcs  of  anrtic  jets  during  the  winter  season 
are  shown  in  figure  3,8,  which  is  a  composite  of 
nine  individual  cases.  The  jot  core  lies  at  about 
the  .lOO-mb,,  or  30,000-foot,  level  at  a  mean  lati¬ 
tude  of  73®N,  In  eacheasc  asccond.  and  usually 
stronger,  jot  (not  shown)  is  present  nt  lower  lati¬ 
tudes. 

Although  the  individual  wind  maxima  were 
moderately  intense  by  high  latitude  standards, 
the  average  maximum  sj^eed  of  G5  knots  is  not 
large  in  comparison  to  speeds  observed  in  typica  1 
middle  latitude  jets.  However,  in  extreme  cases, 
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tiu'  figure  of  65  knots  mny  be  greatly  exceeded, 
and  jet  maxima  inexres.sof  100  knots  may  occur 
nortliof  the  Arctic  Circle  at  all  seasons.  These 
ii.sually  arc  tite  result  of  a  confluent  wind  field 
wltirh  brings  air  currents  from  high  and  low 
latitudes  into  juxtaposition.  .Since  the  strongest 
northward  surges  of  air  at  high  altitudes  arc 
oftcnassociatcd  with  large,  blocking  riclges  near 
Alaska  or  Scandinavia,  the  areas  north  of  these 
regions  ni'c  favored  locations  for  the  extreme 
cases, 

.M. hough  an  effort  was  made  to  preserve, 
on  the  composite,  any  thermal  concentrations  or 
frontal  7ones  that  appeared  on  individual  .sec¬ 
tions.  it  IS  seen  from  figure  3.8  that  the  baro- 
clmic  zone  associated  with  the  jet  is  broad  and 
not  bounded  by  recognizable  discontinuity  sur- 
facc.s.  The  temperature  field  at  300  mb.  or  2  50 


mb,  ran  frequently  be  used  a.s  an  aid  In  locating 
jet  cores  at  middle  latitude.  To  the  north  of  the 
jet  axis  the  temperature  warms,  while  a  band  of 
cold  temperature  parallels  the  jet  near  or  just 
south  of  the  axis.  There  is  some  suggestion  of 
the  same  structure  in  figure  3,8,  but  the  features 
arc  not  clearly  defined. 

In  the  upper  left  corner  of  the  figure  a  sop- 
arntc  area  of  high  wind  may  be  noted.  This  Is 
the  low’er  part  of  a  recently  discovered  fc.ature 
ui  the  ai'i-iic  atmosphere  known  as  Iht  "arctic 
stratospheric  jet  stream"  or  "polar  night  jet," 

The  tropopause  in  figure  3.8  varies  in  height 
from  about  the  250-mb.  level  south  of  the  jet  lo 
slightly  below  the  300-mb,  level  to  the  north. 
Individual  cases  often  show  higher  and  lower 
values.  In  well -developed  polar  lows  thetropo- 
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panso  inay  sink  to  400  mb.  or  below,  and  in  win¬ 
ter  may  dir.appcar  altogether.  The  iropopausc 
may  also  biMnciistinct  ncnrtlicjct  stream,  giving 
rise  lo  a  tropopausc  break.  In  such  cases  the 
higher  segment  of  the  tropopauso  will  always  lie 
on  the  cintievrlonir  side  of  the  iet  and  the  lower 
segmi'nt  on  the  cyckdiir  side. 

.1,4  Hist rilmt ion  of  Cloud  and  Precipitation  in 

Haroclinic  Disturbanre.s 

Very  Imlo  ha«:  been  juiblished  on  this  sub- 
ject.  and  oiir  treatment  here  will  be  confined  to 
a  brief  review  of  the  results  of  a  study  of  the 
cloud  distribution  in  frontal  cyclones  over  the 
Arctic  Ocean,  as  revealed  by  aerial  reconnais¬ 
sance,  and  of  the  rclat  lonship  of  clouds  and  pre- 
c  I  jMt.d  n-ii  »<'  fronts  ii»  the  North  Americ  an 
Arctic,  ns  rovc'aled  by  ;l-hourly  surface  obscr- 
vat  ions. 


The  continual  development  and  movement  of 
haroclinic  dislurbancofa  ac:i'oss  tlic  j>ath  of  the 
IMarmignn  reconnaissanc€‘  flight,  during  the  first 
3  weeks  of  duly  1930,  made  It  possible  to  locate 
each  cloud  observation  at  the  appropriate  point 
on  the  model  displaying  the  fronts,  jet  stream, 
and  cold  low  center  shown  infigures3,9  and3,10. 
From  averaging  of  the  data,  cloud  nmounl.s  were 
determined  by  5.000-foot  layers  between  the 
ground  and  20,000  feet,  and  for  the  layer  above. 
Only  the  distributions  in  the  layers  between  5,000 
to  10,000  feet  and  1  5,000  to  20.000  feet  arc  shown 
in  the  figures. 

In  the  Inver  0  to  5,000  feet  (not  shown)  cloud 
cover  averaged  nearly  100  percent  and  exhibited 
only  a  slight  relationship  to  the  synoptic  pattern. 
The  cloudiness  in  this  layer,  the  characteristic 
summer  stratus,  thinned  out  somewhat  near  the 
southern  edge  of  the  diagram  due  to  the  nearness 


iffurc  3.10.  CumpoBitp  Chart  of  Cloud  Oi3tr»hution  in  o  Layer  from  lb, 000  to  20,000  Feet.  Mean  Cloud 
Amounts  in  Okios  (Fights  of  Sky  Covered)  Are  Plotted  at  Points  of  Averaging.  Circle  Denotes 
!.«'■«  Center  •a!  500-mh..  Arrow  Denotes  the  Jet  Axis  at  tlint  Level. 
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of  land.  Between  5,000  and  10,000  feet  (fig*  3.9). 
cloudiness  is  extensive  over  the  surface  occlu¬ 
sion,  near  the  crest  of  the  wave,  and  in  the  south¬ 
east  quadrant  of  the  cold  low.  A  strip  of  nearly 
clear  skies  lies  behind  the  cold  and  occluded 
fronts,  and  a  cloud-free  area  is  located  behind 
the  peak  of  the  wave.  The  clear  strip  shifts 
westward  with  height  (fig.  3.10),  and  the  cloudi¬ 
ness  to  the  southeast  of  the  upper  low  center 
disappears,  evidently  being  connected  with  the 
low  cloud  deck  in  that  region  rather  than  with 
the  main  cloud  masses  of  the  storm  systems. 
The  total  amount  of  cloudiness  diminishes  with 
height,  but  the  patternsare  essentially  unchanged 
except  for  the  differences  just  noted. 

From  the  preceding  discussion  it  is  evident 
that,  above  the  surface  layers,  the  broad  fea¬ 
tures  of  the  cloud  distribution  in  arctic  distur¬ 
bances  are  in  agreement  with  accepted  models 
for  frontal -tyj)c  cyclones.  In  matters  of  detail 
there  appear  to  he  some  deviations  from  the 
models ,  and  also  individual  cases  may  differ 
consitlcrably  from  the  typical  or  composite  situa¬ 
tion,  When  frontal  surfaces  are  identifiable  at 
upper  levels  it  appears  tliat,  as  a  rule,  the  cloud 
tnass  is  not  inclined  along  the  front  but  has  a 
Icssei’  inclination.  Moreover,  the  cloud  mass 
tends  to  Ik;  broken  up  into  a  number  of  discrete 
Itiycrs. 

rho  rattgo  of  imiividunl  variation  in  the  re¬ 
lationship  of  clou<ls  and  precipitation  to  fronts 
is  hi-ougln  out  by  the  examples  in  figure  3,11. 
Part  of  this  variation  is  no  doubt  due  to  surface 
effects  and  part  to  variations  in  the  humidity 
(list I  ibuti(»n  and  in  the  strength  of  vertical  mo¬ 
tions  from  rase  to  case. 

fi  (I  lust  rat  i  VC  Kxamplc 

Ihc  foregoing  remarks  cm  the  structural 
features  of  haroclini<'  disturbances  will  now  be 
1 1  lust  r,at «’(1  by  reference  to  a  specific  case, 

.luly  IPhf'  was  a  month  of  above  normal 
^^ea1her  activity  over  the  polar  area,  offering 
many  exani[)lrs  of  cvclogmesis  along  the  north- 
(’rn  shores  of  S  ihc  riii ,  A  la  ska,  and  Can.ada,  Early 
in  the  month  a  wave  disturbance  moved  rapidly 
eastward  along  the  Siberian  coast,  from  near 
the  Taymyr  Peninsula  to  the  Chukchi  Sea,  where 
it  underwent  a  spertacular  deepening  anti  spun 
northward  toa  position  near  80**  N.  and  IflO^long- 
it’jdc,  The  central  pressure  on  the  surface  chart 
reached  a  minimum  of  P75  mb,  on  the  Cvh  of 
duly,  riic  upper -level  lt)w.  on  this  date,  was 
h»i  ate<!  alnix'st  <ii rect ly  above  the  surface  sys- 
iriv.  and  wav  very  intense,  showing  a  central 


height  of  approximately  16,500  feet  at  500  mb. 

During  the  next  2  weeks  weather  events  over 
and  adjacent  to  the  Polai*  Basin  literally  revolved 
about  this  mighty  low,  which  gradually  filled  and 
wobbled  erratically  about  in  the  area  north  of 
the  East  Siberian  and  Chukchi  Seas,  Being  of 
typical  cold  low  structure  in  its  later  stages,  the 
low  may  be  visualized  as  a  large  pool  of  cold 
air  in  cyclonic  rotation.  Within  the  center  of  the 
pool  the  temperatures  were  coldest,  and  they 
warmed  progressively  towards  the  rim.  Be¬ 
cause  of  the  appreciable  «nnd  nearly  uniform  tem¬ 
perature  gradient  between  center  and  circum¬ 
ference,  it  is  not  correct  to  think  of  the  cold  pool 
as  a  more  or  less  homogeneous  arctic  air  mass 
in  the  classical  sense. 

During  the  week  prior  tu  the  time  of  the  first 
map  shown  here  (fig.  3.12),  a  series  of  minor 
lows  skirted  the  cold  pool,  passing  along  a  frontal 
system  at  the  outer  rim.  In  each  case  these 
lows  appeared  lo  be  initiated  by  perturbations 
within  the  cold  pool  itself  or  by  disturbances 
which  entered  the  Arctic  from  middle  latitudes, 
and  in  each  case  they  eventually  were  absorbed 
into  the  main  circulation,  Kemnantsof  two  such 
systems  appear  over  the  Canadian  Archipelago 
and  northern  Greenland  in  figure  3.12, 

The  system  of  principal  interest  on  the  chart 
for  July  14,  however,  is  the  incipient  wave  near 
tl)c  Chukchi  J’eninsuln.  Dui  ing  the  next  2  days 
this  wave  dcoi>enod  rapidly  as  it  moved  north¬ 
eastward  across  the  Beaufort  Sea,  and  on  the 
map  for  July  1  G  it  appears  as  a  deep  oetTusion 
over  the  Arctic  Ocean  to  the  northwest  of  the 
Canadian  Archipelago,  The  thickness  lines  in 
figures  3.12,3.13,  and  3.14  bring  out  the  impor¬ 
tant  thermal  characteristics  of  the  disturbance. 
The  surface  low  forms  at  the  outer  edge  of  the 
region  of  strongtemperature  contrast  and  during 
the  occlusion  process  becomes  engulfed  in  thr? 
cold  air  pool. 

Over  land  areas  the  surface  frontal  passages 
were  marked  by  pi'onounrcd  temper  ature  erhang- 
cs.  For  reasons  explained  previously,  the  situa¬ 
tion  was  very  different  over  the  icc  pack  where 
temperatures  fluctuated  only  a  few  degrees  dur¬ 
ing  the  passage  of  the  storm.  Unfortunately, 
dropsondcs  from  the  IMarmigan  flight  were  not 
taken  at  the  right  places  and  times  to  Illustrate 
the  large  tcmjjerature  changes  taking  place  just 
above  the  surface  cold  film.  However,  prevail¬ 
ing  winds  at  Sachs  Harbor,  on  the  shores  of 
Hanks  Island,  were  from  the  direction  of  the  ice 
par  k  throughout  the  period  so  that  soundings  for 
this  station  ran  be  useri  to  illuslratr*  the  nature 
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4.  Surface  Chart  for  12J0  G.C.T..  16  July  I65C..  Dashed  Lines  Arc  1000-  to  500-mb.  Thickness  at 
Intervals  of  200  Feet. 
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of  the  temperature  changes  at  the  different  levels. 

From  the  soundings  (fig,  3,15),  it  is  seen 
that  the  surface  temperature  dropped  only  5*  F. 
(from  37®  F.  to  32®  F.)  with  the  frontal  passage. 
At  upper  levels  the  change  is  much  larger- -20®  F, 
at  a  height  of  only  2,000  feet.  In  cases  such  as 
this,  in  which  surface  temperatures  are  of  little 
help  in  locating  the  fronts,  isobaric  configura¬ 
tion  and  prcs'^.urctcndcnciesmaybcused  to  good 
advantage.  Figures  3,12.3,13,  and  3.14  provide 
excellent  examples  of  the  relationship  between 
fronts  and  isobars  during  various  stages  of  cy¬ 
clone  development. 

To  illustrate  three-dimensional  aspects  of 
the  frontal,  jet  stream,  and  tropopause  struc¬ 
tures,  and  the  distribution  of  clouds  and  precipi¬ 
tation  in  the  baroclinic  disturbance,  we  turn  now 


to  the  situation  of  July  20.  1956.  During  the  4- 
day  interval  from  the  previous  example,  the  cold 
pool  drifted  slowly  southeastward  and  is  found 
entering  the  western  part  of  the  Canadian  Archi¬ 
pelago  on  the  map  for  July  20  (fig,  3.16),  The 
earlier  occlusion  vanished  during  the  interim, 
while  a  later  occlusion,  which  developed  from  a 
wave  near  Great  Slave  Lake,  N.W.T.on  the  18th, 
is  present  over  northern  Baffin  Bay,  The  ori¬ 
ginal  low  at  the  surface  is  still  discernible  as 
an  elongation  of  the  low  pressure  area  in  the 
direction  of  Mould  Bay  (072), 

A  second  frontal  system  may  be  noted  in 
figure  3,16,  extending  along  the  northern  coasts 
of  Canada  and  Alaska  to  a  low  pressure  area 
over  the  East  Siberian  Sea.  The  beginnings  of 
this  front  are  to  be  found  on  the  chart  for  the 
1 5th  (fig,  3,13)  in  the  frontogenesis  entered  along 


f'lgvirn  1,1*.  Successive  Soundings  aT  Sachs  Karbor  (051)  During  Period  1  500  G.C.T,,  1  5  July  ;958  to  1500 
G.C.T..  July  1956. 
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I'  lKul  c  ;).l  fi.  Surfnco  Chart  tor  1230  (i.C.T..  20  July  1950.  IJnshcil  l.incs  Arc  1000-  to  500-mlj,  Thickncaa 
C'oniours  in  Cioopotcnlial  Dccimetc-rs. 


the  north  Siberian  coast.  The  frontogcncsis  f»rn- 
dunlly  progressed  eastward  in  associxition  with 
minor  disturbances  along  the  periphery  of  the 
cold  pool.  One  of  these  disturbances  is  located 
just  south  of  Coppermine  (938)  on  the  mop  for 
the  20th  (fig,  3.16). 

Cross  sections  of  tempernture,  wind,  and 
cloud  distribution  are  shown  in  figures  3.17  and 
3.18,  The  sections  extend  from  Norman  Wells, 
Canada,  (043),  to  Eureka,  Ellesmere  Island, 
(917).  A  main  feature  of  the  tropospheric  tem¬ 
perature  field  Is  the  cold  air  pool  centered  be¬ 
tween  Mould  Bay  (072)  and  Sachs  Harbor  (051). 
To  the  north  the  cold  pool  warms  gradually; 
however,  to  the  south  the  temperature  gradient, 
especially  at  lower  levels,  becomes  concentrated 
to  the  rear  of  a  sloping  frontal  boundary.  Fur¬ 
ther  smith  in  the  warm  air,  temperature  gra¬ 


dients  arc  small  but  not  absent,  and  in  the  upper 
troposphere  it  is  impossible  to  distinguish  be¬ 
tween  warm  and  cold  air  masses. 

The  tropopnuso  in  figure  3.17  is  extraordi¬ 
narily  sharp,  giving  rise  to  Q  very  simple  and 
distinct  temperature  structure  in  the  transition 
layer  between  troposphere  and  stratosphere. 
Above  the  tropospheric  cold  pool  the  tropopausc 
dips  to  its  lowest  levels,  and  stratospheric  air 
that  is  warm,  relative  to  its  surroundings,  lies 
within  the  hollow.  The  coldest  air  in  the  strato¬ 
sphere  coincides  with  areas  of  high  tropopausc. 
In  the  transition  layer  the  coldest  temperatures 
are  found  along  the  tropopausc,  so  that  adjacent 
regions  of  both  troposphere  and  stratosphere 
arc  relatively  warm. 

The  jet  core  (fig.  3.18)  is  located  on  the 


Fi*ure  3.17.  Cro»»  Section  from  Eureka  (917)  to  Fort  Smith  (9-45)  aowing  Temperature  and  Cloud  DistribuUona  at  1500  G.C.T.,  20  July  1966.  Thin  Solid  Lines 
Are  Isotherms  in  'C.:  He»vy  Solid  Lines  Are  Tropopause,  Frontal,  and  Inversion  Discontinuities.  Qoud  Layers  Are  Depicted  by  Stippling,  aort 
Slanting  Lines  Represent  Rain;  .Asterisks,  aow. 
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tropopause  at  the  270-mb,  level  and  lies  above 
the  region  of  strongest  temperature  contrast  in 
the  middle  troposphere.  The  maximum  wind 
(estimated  geostrophically)  is  140  knots,  a  high 
value  by  middle  latitude  standards  even  for  win¬ 
ter  storms,  Isotachsof  the  strongest  winds  ex¬ 
tend  downward  along  the  frontal  boundary.  The 
relationships  between  the  jet  axis,  tropopause, 
and  temperature  field  are  particularly  striking 
at  the  250-mb,  level  (fig.  3,19).  The  observed 
coincidence  between  the  jet  axis,  the  tropopause, 
and  the  strip  of  cold  temperature  is  character¬ 
istic  of  only  the  strongest  middle-latitude  sys¬ 
tems  and  cannot  be  regarded  as  a  usual  feature 
of  arctic  disturbances. 

Thecloud  distribution  in  figure3,l7  is  con¬ 
sidered  to  be  typical  of  cases  in  which  the  sec¬ 
tion  passes  through  both  an  active  cold  front  and 


a  cold  low.  Only  scattered  clouds  appear  in  the 
warm  sector,  A  cloud  mass  rises  up  along  the 
cold  front  to  a  height  of  about  15,000  feet,  Scat¬ 
tered,  light  showers  fall  from  this  cloud  system. 
To  the  rear  of  the  cold  front,  strong  subsidence 
dissolves  the  frontal  clouds.  However,  a  low 
stratus  or  stratocumulus  persists  at  the  top  of 
a  mixing  layer  next  to  the  ground,  trapped  there 
by  the  cap  of  subsiding  air. 

An  extensive  cloud  mass  pervades  the  in¬ 
terior  of  the  cold  low,  rising  to  the  tropopause 
near  the  low  center.  Stations  within  the  inner 
region  all  report  occasional  snow.  Except  when 
a  cold  1^  is  in  the  later  stages  of  dissolution, 
overcast  skies  and  patchy  areas  of  precipitation 
are  the  rule. 

3.6  Cold  Lows 
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The  term  “cold  low**  is  applied  to  an  upper- 
level  cyclone  which  is  more  or  less  thermally 
symmetricalabout  thecenterof  lowest  pressure 
or  height,  the  point  of  coldest  temperature  coin¬ 
ciding  roughly  with  the  low  center.  The  circu¬ 
lation  in  the  cold  low  is  strongest  at  the  tropo- 
pause  and  diminishes  in  intensity  both  upward 
and  downward.  The  cyclonic  circulation  at  the 
ground  is  often  weak  and  maybe  lacking  in  some 
cases.  As  an  example  of  a  cold  low,  we  may  cite 
the  quasi -permanent  cyclone  which  hovered  over 
the  Polar  Basin  throughout  the  July  series  dis¬ 
cussed  in  the  previous  section.  Here  we  shall 
elaborate  further  on  the  characteristics  of  cold 
lows  and  examine  a  typical  winter  case. 

It  is  often  difficult  to  trace  cold  lows  back 
to  a  distinct  initial  stage,  partly  because  data  is 
frequently  lacking  in  critical  areas  and  partly 
because  the  cold  low  normally  represents  an 
offshoot  of  a  larger  circumpolar  vortex  from 
which  it  may  not  always  be  clearly  distinguished. 
In  cases  w<liei  e  a  distinct  origin  may  be  noted, 
it  appears  that  baroclinic  developments  play  an 
important  role  in  the  formation.  Thus,  cold  low 
formations  north  of  Greenland  and  Spitzbergen 
in  winter  arc  connected  with  the  northward 


migration  of  Atlantic  depressions  which,  though 
occluded,  still  possess  some  degree  of  thermal 
asymmetry  sothat  the  cold  low  maybe  regarded, 
in  large  measure,  as  the  end  product  of  the  oc¬ 
clusion  process.  The  origin  and  maintenance  of 
cold  lows  over  the  Polar  Basin  in  summer  are 
obviously  related  to  the  occlusion  of  baroclinic 
disturbances,  as  shown  in  the  previous  section. 

The  case  of  January  2,  19  57,  provides  a 
good  example  of  a  cold  low  situation.  The  500- 
mb.  chart  for  the  date  (fig,  3,20)  shows  a  deep 
low  centered  over  Ellesmere  Island  with  an  inner 
temperature  of  -47,9®  C.  reported  at  Eureka 
(917),  The  isotherms  do  not  coincide  exactly 
with  the  contours,  the  •'ontor  of  gravity  of  the 
cold  air  being  displaced  suniewhat  to  the  north¬ 
west  of  the  low  center,  and  the  thermal  concen¬ 
tration  being  considerably  larger  to  the  south  of 
the  center  than  to  the  north,  A  band  of  relatively 
high  winds  encircles  the  low,  with  Thule,Green- 
land  (202)  reporting  a  speed  of  50knots.  Further 
to  the  south,  ncarSachs  Harbor(051),  a  reported 
wind  of  55  knots  marks  the  entry  of  a  second  jet 
into  the  cold  low  system.  The  cyclonic  circula¬ 
tion  exhibits  the  characteristic  weakening  down¬ 
ward,  so  that  only  a  faint  reflection  of  the  upper 
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low  may  be  detected  on  the  surface  chart  (fig» 
3.21)  in  the  form  of  an  extension  of  the  trough 
from  Baffin  Bay. 

The  cross  section  in  figure  3«22  gives  added 
perspective  to  the  temperature  and  wind  struc¬ 
tures.  As  in  the  summer  case  discussed  pre* 
vious  ly,  the  “cold  air  mass**  is  not  homogeneous 
but  possesses  a  fairly  uniform  temperature  gra  ‘ 
dient  that  extends  from  near  the  surface  to  about 
400  mb.  Distinct,  though  relatively  weak,  wind 
maxima  lie  above  the  zones  of  strongest  tem¬ 
perature  concentration  near  Isachsen  (074)  and 
Alert  (082).  The  concentrations  are  not  suffi¬ 
ciently  pronounced  to  be  regarded  as  fronts  and 
are  not  connected  with  surface  frontal  systems. 

Surface  temperatures  in  the  area  of  the  cold 
low  are  controlled  largely  by  cloud  cover  and 
wind  speed.  Thus,  Eureka  at  the  center  of  the 
low,  with  an  overcast  sky  and  n  lO-knol  wind, 
has  a  higher  surface  temperature  than  stations 
further  removed  from  the  center. 

A  second  deep  baroclinic  zone  without  defi¬ 
nite  frontal  structure  is  evident  in  the  vicinity 
of  Sachs  Harbor  (051).  A  more  prominent  high 


latitude  jet  stream  is  connected  with  this  second 
zone,  a  maximum  geostrophic  speed  of  100  knots 
occurring  at  the300-mb,  level.  At  the  southern 
end  of  the  cross  section,  the  tropopause  is  located 
near  the  2 50 -mb,  level  and  dips  to  the  400 -mb. 
levelupon  approaching  the  low  center.  Near  the 
center  the  tropopause  is  indistinct,  as  is  often 
the  case  in  winter  situations. 

During  the  cold  season,  weather  conditions 
in  cold  lows  are  highly  variable  so  that  it  is 
questionable  whether  it  is  permissible  to  gen¬ 
eralize  from  a  single  case.  However,  certain 
aspects  of  the  present  example  are  considered 
to  be  representative.  It  will  be  noted  from  the 
surface  chart  that  the  sky  is  overcast  beneath 
the  low  center  aloft  and  that  the  cloudiness  di¬ 
minishes  outward.  Most  peripheral  stations 
report  clear  skies.  At  several  stations  (Isachsen 
(074),  Ilesolute  Ray  (924),  Thule  (202))  close  to 
the  center,  ice  needles  are  observed,  and  at  one 
of  these  (Kesolutc  Ray)  n  trace  of  snow  has  fallen 
in  the  past  (5  hours. 

Generally  speaking,  cold  lows  arc  charac¬ 
terized  by  much  less  cloudiness  and  precipita¬ 
tion  in  winter  th.an  in  sunjmer.  On  occasions 
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Figure  3.22.  Cross  Section  from  Nord.  Greenland  (310)  to  Norman  WeUs.  Canada  (043)  for  1600  G.C.T..  2  January  1967.  Medium  Solid  Unes  Are  Isotherms  In 
•C;  Heavy  Soliil  Lires.  Discontinuities;  Dashed  Lines,  Normal  Geostrophic  Wind  Speeds  in  Knots. 
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stales  may  be  clear  throughout  the  area  of  the 
low,  but  usually  In  such  cases  a  number  of  sta¬ 
tions  report  Ice  needles  so  that,  in  fact,  a  form 
of  condensation  (or  deposition)  occurs. 

The  differences  between  weather  character¬ 
istics  In  summer  and  winter  can  be  accounted 
for  by  differences  In  temperature.  At  the  low 
winter  temperatures,  the  liquid  water  content 
of  the  air  la  extremely  small,  of  the  order  of 
one-tenth  the  summer  value  in  the  Arctic  and 
one-hundredth  the  value  in  temperate  latitudes. 
Moreover,  when  temperatures  are  below  -40®  F, 
water  vapor  may  be  precipitated  directly  in  the 
solid  form  without  first  passing  through  the 
liquid  phase.  Because  of  the  very  small  amount 
of  moisture  available  and  theposslblllty  of  direct 
transformation  from  vapor  to  the  solid  phase, 
it  is  not  surprising  that  condensation  phenomena 
should  appear  different  in  the  two  seasons. 

3*7  Low -Level  Inversions 

Low-level  temperature  inversions  fre¬ 
quently  occur  over  the  entire  polar  region  in  win¬ 
ter  and  over  ice  and  snow  covered  areas  in  sum¬ 
mer.  The  physical  processes  that  give  rise  to 
these  inversions  are  In  no  manner  peculiar  to 
high  latitudes.  However,  certain  of  the  processes 
are  particularly  intense  or  prolonged  at  these 
latitudes  so  that  arctic  Inversions  are  often 
marked  by  unusual  depth,  strength,  and  persis¬ 
tence,  We  shall  review  here,  briefly,  the  main 
processes  connected  with  the  formation  and 
maintenance  of  arctic  inversions  and  shall  pre¬ 
sent  examples  of  some  common  types. 

The  great  bulk  of  polar  Inversions  may  he 
classed  as  radiation  inversions;  that  is.  Inver¬ 
sions  formed  primarily  by  a  net  loss  of  radiation 
from  the  surface.  When  n  radiation  deficit  de¬ 
velops,  the  temi)ernturc  of  the  surface  drops 
quite  rapidly  thereby  reducing  the  emission  of 
long  wave  radiation  and  Increasing  the  conduc- 
tiunof  lieat  from  below.  Finally, a  staleuf  equi- 
libriiiin  is  reached  in  which  the  net  outgoing 
radiation  is  balanced  by  molecular  heat  conduc¬ 
tion  from  subsurface  layers  and  by  eddy  heat 
transfer  from  tlie  atmosphere  to  the  surface.  In 
this  equilibrium  state,  the  air  temperature  is 
coldest  next  tolhe  surface  and  jncre«ases  upward 
to  heights  which  vary  from  o  few  hundred  feet  to 
several  thoiisand  feet .  depending  on  the  individual 
situation. 

An  example  of  a  typical  r.'idi.'ition  inversion 
IS  shown  in  figure  3.23  (A).  Note  the  rapid  in¬ 
crease  of  temperature  w-ith  height  m  the  lower 
TO  mb.  (1025  mb.  to  055  mb. --1,600  feet)  and 


above  this  the  isothermal  layer  extending  to 
about  780  mb,  (6,000  feet).  The  dual  aspect  of 
the  inversion  is  a  common  feature  and  has  led 
some  investigators  to  introduce  separate  terms 
for  the  two  components.  The  term  “ground  in¬ 
version*’  is  often  applied  to  the  shallow,  intense 
lower  portion  and“main  inversion  layer”  to  the 
thicker  upper  stratum.  However,  no  physical 
reason  has  been  offered  for  the  separation,  and 
it  may  be  that  the  division  in  many  cases  is  due 
to  an  economy  in  coding  rather  than  to  a  real 
discontinuity. 

The  weather  conditions  at  the  time  of  the 
sounding  are  plotted  above  the  ascent  curve. 
Note  the  clear  skies  and  light  winds,  factors 
which  generally  favor  the  formation  of  radiation 
inversions.  The  wind  at  gradient  level  is  also 
shown, 

A  second  class  of  arctic  inversion,  and  per¬ 
haps  the  only  other  type  of  importance,  is  the 
so-called  advection  inversion.  This  type  forms 
when  relatively  warm  air  blows  over  a  cold  sur¬ 
face  that  is  not  able  to  adjust  its  temperature  to 
the  air  temperature.  As  an  example  of  such  a 
surface  we  may  cite  the  top  layer  of  the  pack  Ice 
during  the  summer  melt-season  or  the  surface 
of  an  extensive  snow  field  during  periods  of  thaw. 
Heat  loss  by  long-wave  radiation  gradually  cools 
tlio  upper  warm  portion  or  "nose*' of  the  inver¬ 
sion  so  that  its  strength  depends  largely  on  the 
Initial  warmth  of  the  air  and  on  the  length  of 
time  it  has  travelled  over  the  cold  surface. 

The  clropsonde  in  figure  3,23  (C),  taken  over 
the  Beaufort  Sea  on  4  July  1956,  affords  a  strik¬ 
ing  example  of  an  advection  inversion.  Kxact 
surface  weather  information  is  lacking,  but  from 
flight  observations  and  analyzed  charts  it  is 
known  that  a  low  overcast  prevailed  and  that 
warm  air  was  being  advected  northward  in  ad¬ 
vance  of  a  deepening  cyclone. 

Variations  in  sky  cover,  wind  speed,  and 
vertical  motion  produce  important  modifications 
of  inversions.  The  effects  of  sky  cover  are  par¬ 
ticularly  pronounced  in  the  case  of  the  radiation 
inversion.  Clouds  of  sufficient  thickness  com¬ 
pletely  absorb  the  outgoing  long-wavo  radiation 
from  the  surface  and,  being  perfect  absorbers, 
they  emit  as  black  bodies  at  their  own  tempera¬ 
ture.  If  the  cloud  temperature  is  higher  thantho 
surface  temperature--as  will  often  be  thecasc-- 
the  emission  from  the  cloud  base  will  be  greater 
than  from  the  surface,  and  the  surface  tempera¬ 
ture  will  rise.  The  cloud  top  is  cooled  by  radia¬ 
tion  to  space,  but  since  the  cooling  Is  distributed 
throughout  the  cloud  by  mixing,  only  a  minor 
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Kij'mT  3,23.  Kxnin|)lc5  of  Different  Tyix'S  of  Arclit'  Inversions. 


inversitiri  is  fornied  at  the  clouti  The  net 

result  of  elouci  ei»ver,  then,  is  to  weaken  and 
elevate  the  inversion, 

llinler  stable  eoiulilions  turbulent  ir.ixing 
j^ives  rise  to  a  dosvnward  flux  of  heat,  the  mng- 
nitudr  t>f  which  increase.^  with  increasing  wind 
speed.  Thus,  if  the  surface  wind  were  to 
strengthen,  in  case  A  of  figure  3.23.  more  heat 
AO'ild  fl' V.  towards  the  surface,  warming  the 
lower  layers  at  the  expense  '-/f  those  higher  up. 
In  this  w'ay  a  positive  lapse  rate  of  temperature 
^s<)\lld  develop  near  the  ground,  and  if  the  wind 
were  sufficiently  strong  the  lapse  rate  would 
appioach  the  dry  adiabatic  as  a  limit, 

I'his  effect  of  mixing  by  the  wind  is  well 
ilhistrated  hv  sounding  h  of  figure  3.23.  The 
lower  laver,  or  "mixing  layer"  in  tins  case,  is 


about  1,500  feet  thick  and  is  surmounted  by  a 
well  marked  inversion  layer.  The  strong  winds 
(2  5  knots  at  the  surface,  '19  knots  at  gradient 
level)  have  established  an  adiabatic  lapse  rate 
next  to  the  .surface  and  are  causing  snow  to  blow 
and  drift. 

Although  difficult  to  measure,  vertical  mo¬ 
tions  can  play  a  significant  role  in  forming  and 
destroying  inversions.  Downward  motion,  or 
subsidence,  warms  the  air  in  the  free  atmos- 
fiherc  relati  ve  to  the  ai  r  next  to  the  ground,  which 
is  constrained  to  move  parallel  to  the  earth's 
surface.  The  relative  warming  aloft  can 
strengthen  an  existing  inversion  or  len<t  to  pro¬ 
duce  inversion  conditions  where  none  existed 
previously.  Upw'ard  motion  has  the  opposite 
effect.  These  effects  of  vertical  motion  explain, 
in  part,  the  fact  that  inversions  are  generally 
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more  Intense  in  anticyclones  than  in  cyclones. 

Since  wind  and  clouds  are  strongly  influenced 
by  local  topography,  it  is  apparent  that  irregular 
variations  in  the  form  and  strength  of  inversions 
may  occur  on  a  synoptic  scale.  It  is  often  diffi¬ 
cult,  therefore,  in  analyzing  cross  sections  to 
maintain  continuity  on  inversion  structure  from 
one  station  to  the  next,  especially  if  stations  are 
far  apart  and  subject  to  different  geographical 
influences.  However,  at  any  one  spot  the  be- 
ha\dor  of  the  inversion  can  be  explained  in  terms 
of  the  factors  discussed  above,  and  provided  that 
these  are  forecast  correctly,  the  local  behavior 
can  be  predicted, 

3,8  Cyclone  and  Anticyclone  Behavior 

In  this  section  data  on  the  frequency  of 
occurrence  of  cyclones  and  anticyclones  will  be 
used  in  conjunction  with  preceding  information 
on  frontal  frequencies  and  mean  circulation  pat¬ 
terns,  in  order  to  arrive  at  a  description  of  the 
behaviorof  synoptic  systems  in  winter  and  sum¬ 
mer. 

3,8,1  Winter 

From  figure  3.24  it  is  seen  that  cyclones 
arc  most  frequent  in  the  region  between  Green¬ 
land  nnd  Iceland,  giving  rise  to  the  so-callcd 
Icelandic  low.  The  corresponding  feature  in  the 
l^aciflc.  tile  Aleutian  low,  lies  just  off  the  region 
of  tile  map.  Tiic  area  of  high  frequency  lias  two 
extensions,  one  northeastward  across  the  Not  ¬ 
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Figure  3.25,  Percent  Frequency  of  Anticyclones  in  Win¬ 
ter  North  of  fin®N.  per  1 00,000  Squore  Miles. 

wegian  Sea  and  a  second  northward  into  Baffin 
Bay,  Secondary  maxima  of  cyclone  frequency 
lie  in  each  extension.  Other  minor  areas  of  above 
avei'age  occurrence  of  lows  arc  found  north  of 
Greenland  and  over  the  Queen  Elizabeth  Islands, 
These  latter  areas  may  be  fictitious,  reflecting 
0  tendency  for  analysts  to  prematurely  drop  lows 
which  move  along  the  northern  shore  of  Slberin 
from  their  analyses  and  then  to  roaiialyzu  them 
when  they  appear  near  Ice  Island  T-3  or  stations 
in  the  Queen  Elizabeth  Islands. 

In  general,  cyclone  frequencies  are  low  in 
the  areas  where  anticyclones  are  predominant*, 
figure  3,25,  These  are  seen  to  be  the  regions  of 
the  Siberian  and  North  Amerioan  highs,  and 
Greenland,  Beenuae  of  the  large  reductions  to 
r>ca  level,  the  computed  pressure  values  over 
Greenland  maybe  questionable;  therefore,  some 
suspicion  arises  regarding  the  significance  of 
the  statistics  in  this  vicinity. 

The  main  features  of  cyclone  behavior  in 
winter  may  be  summarized  with  the  help  of  fig¬ 
ure  3.24.  Major  storm  tracks  are  found  in  the 
Pacific,  carrying  slorms  Into  the  Aleutians  and 
the  Gulf  of  Alaska  where  they  fill  or  weaken. 
Many  Pacific  storms  regenerate  east  of  the 
Rockies,  and  another  major  storm  track  leads 
from  this  area  to  the  vicinity  of  Iceland  where 
it  converges  with  a  major  track  from  the  east 
coast  of  the  United  States.  Many  storms  with 
occluded  or  cold  l^w  structures  stagnate  and  fill 
off  the  southern  tip  of  Greenland,  However,  some 
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drift  up  the  east  coast  and  occasionally  enter 
the  Arctic  Basin.  Others  rejuvenate  between 
Iceland  and  Spitzbergen,  leading  to  a  secondary 
region  of  high  cyclone  frequency  and  to  a  major 
storm  track  which  passes  across  NovayaZemlya 
into  nv'>rthern  Siberia, 

Although  many  storms  die  out  along  the 
Siberian  coast,  others  continue  across  the  Arctic 
Sea  and  approach  the  Queen  Elizabeth  Islands 
from  the  west.  When  strong  blocking  highs  are 
present  over  Alaska,  storms  from  the  Pacific 
enter  the  Arctic  Basin  and  generally  move  into 
the  islands  of  northern  Canada. 

Baffin  Bay  is  a  collecting  area  for  many 
types  of  lows.  Some  arrive  by  way  of  the  Queen 
Elizabeth  Islands.  Others  approach  from  the 
North  American  Continent.  Still  others  form  as 
a  result  of  lee  cyclogenesis  when  the  circulation 
around  deep  cyclones  near  the  southern  tip  of 
Greenland  brings  an  easterly  flow  across  the 
irernji. 

Minor  storm  tracks  are  present  over  Europe 
and  western  Siberia,  These  lead  into  the  minor 
upper-level  trough  over  the  Kara  Sea  where  fill¬ 
ing  generally  occurs. 

3.8,2  Summer 

As  in  winter,  cyclones  are  especially  fre¬ 
quent  off  the  southern  tip  of  Greenland  and  over 
Baffin  Bay  (fig,  3.26),  Important  differences 
hot  ween  cyclone  behavior  in  the  two  seasons  are 
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Sq\inro  Kilometers,  Juiy  througJt  Septem¬ 
ber, 

noted,  however,  over  Siberia  and  in  the  center 
of  the  Arctic  Ocean  where  cyclones  occur  much 
more  commonly  in  summer.  In  fact,  it  appears 
that  a  region  comparable  in  cyclone  frequency 
to  the  Icelandic  area  exists  over  the  interior  of 
the  pack  ice.  Other  areas  of  relatively  large 
cyclone  frequency  appear  over  the  Kara  Sen,  off 
the  Norwegian  coast,  and  in  interior  Canada, 

Cyclones  are  infrequent  over  Greenland,  the 
Beaufort  Sea,  the  northern  tip  of  Norway,  and 
parts  of  Siberia, 

According  to  figure  3.27  anti<'yrlones  pre¬ 
dominate  in  Greenland  and  in  the  western  portion 
of  the  Queen  Elizabeth  Islands,  and  to  a  lessor 
degree  over  the  Kara  Sea,  If  Intitudllnal  aver¬ 
ages  are  token,  anticyclones  are  found  to  be  most 
frequent  in  the  belt  about  75"  N,  Cyclones,  on 
the  other  hand,  have  latitudinal  maxima  near 
60"  N,  and  the  pole. 

The  main  features  of  cyclone  behavior  in 
summer  may  be  summarized  with  the  help  of 
figure  3.26,  As  in  winter  major  storm  tracks 
converge  in  the  Iceland  area  where  some  stag¬ 
nation  and  filling  occurs.  The  continuation  uf 
this  storm  track,  however,  is  further  south  in 
summer,  lying  across  southern  Scandinavia  and 
northern  Hussia. 

The  development  of  frontal  or  baroclinic: 
waves  over  Siberia  gives  rise  to  major  and  minor 
storm  tracks  which  terminate  in  the  area  of  low 
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pressure  and  high  cyclone  frequency  in  the  cen¬ 
tral  Arctic,  Some  of  the  storms  in  this  area 
continue  to  migrate  eastward  to  the  Queen  Eliza¬ 
beth  Islands.  Also,  storms  from  the  Pacific 
occasionally  move  through  Bering  Strait  and 
along  the  northern  shores  of  Alaska  and  Canada. 

A  major  storni  irack  ends  near  the  coast  of 
southeastern  Alaska  and  recommences  in  the  lee 
of  the  Rockies.  Storms  which  follow  this  track 
generally  come  to  rest  in  Baffin  Bay  where  they 
are  joined  by  storms  from  the  United  States  and 
from  the  other  regions  mentioned  previously. 
The  result  is  a  continuation  of  the  high  cyclone 
frequency  in  this  area. 

3.9  Stratospheric  Disturbances 

As  a  rule,  the  stratospheric  flow  pattern 


undergoes  only  small,  slow  changes.  The  tropo¬ 
spheric  storms  generally  damp  out  in  the  lower 
stratosphere.  Higher  up  in  summer  there  exists 
an  easterly  flow  which  appears  to  behave  inde¬ 
pendently  of  the  tropospheric  circulation.  In 
winter  the  very  large-scale  disturbances  of  the 
tropospheric  flow  are  still  evident  at  the  highest 
levels  yet  studied.  However,  these  disturbances 
tend  to  be  quasi-stationary  and  to  vary  little  in 
intensity. 

Despite  the  usual  quiescence  of  the  strato¬ 
spheric  flow  patterns,  it  has  been  found  in  recent 
years  that  one  or  several  times  each  winter  an 
upheaval  of  the  first  magnitude  may  occur  in  the 
circulation  at  polar  and  subpolar  latitudes.  The 
most  striking  feature  of  the  stratospheric  dis¬ 
turbances  is  the  drastic  temperature  rise  which 
accompanies  the  changes  in  flow,  so  that  the 
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phenomenon  in  question  is  usually  referred  to  as 
a  sudden  or  “explosive  warming,** 

An  example  of  a  sudden  warming  is  contained 
in  figures  3.28  through  3,30,  At  the  beginning 
date«  25  January  1957,  the  stratospheric  circu¬ 
lation  was  nearly  normal  for  the  season.  Major 
troughs  were  present  over  North  America  and 
eastern  Asia.  A  minor  trough  appeared  over 
Europe.  The  ridge  in  the  Alaskan  region  was 
also  prominently  developed.  The  temperature 
field  displayed  the  tjrplcal  warm  pocket  near 
Kamchatka  and  the  pool  of  coldairabout  the  pole. 
Other  areas  of  warmth  were  present  off  New¬ 
foundland  and  in  Asia. 

In  the  ensuing  10  days  drastic  changes  of 
temperature  and  circulation  took  place.  On  4 
February  (fig.  3,29)  troughs  and  ridges  were 


greatly  amplified  and  formed  a  two-wave  pattern. 
Closed  lows  had  appeared  in  each  trough,  the 
pool  of  cold  air  over  the  pole  had  split  and  mi¬ 
grated  to  lower  latitudes,  and  the  main  warm 
areas  had  intensified  and  moved  northward  to 
opposite  sides  of  the  pole. 

The  trends  noted  during  the  previous  10-day 
period  continued  during  the  next  5  days,  and  on 
9  February  (fig.  3,30)  a  truly  remarkable  trans¬ 
formation  of  the  circulation  was  In  evidence. 
Symmetrically  placed  pairs  of  highs  and  lows 
existed  In  the  belt  between  60®  N,  and  70®  N. 
Warm  temperatures  had  flooded  the  polar  cap, 
values  as  high  as  -2  5*C.  and  warmer  being  re¬ 
corded  near  the  pole.  The  cold  pools  continued 
their  southward  migration. 

At  the  end  of  the  warming  depicted  here 


Fjjfurc  3.29.  Stratospheric  Circulation  on  4  February  1957. 
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Ronprally  high  pressures  and  warm  tempera¬ 
tures  prevailed  over  thepole,  the  strong  wester¬ 
lies  of  the  winter  stratosphere  having  been  re¬ 
placed  by  the  easterlies  characteristic  of  the 
summer  season,  in  a  periodof  lessthan  amonth. 
During  March,  however,  the  pattern  reverted  to 
its  earlier  state,  though  much  reduced  in  inten¬ 
sity. 

The  behavior  of  the  sudden  warmings  varies 
from  year  toycar.  Someyears  seemto  bechar- 
acterized  by  several  minor  warmings  during  the 
winter  followed  by  a  gradual  transition  to  the 
summer  pattern  during  a  period  of  several 
months.  In  other  years  a  major  warming  takes 
place  as  early  as  January  and  much  of  the  change 
In  circulation  is  accomplished  at  that  time.  It 
is  doubtful,  though,  that  a  complete  changeover 
ever  occurs  that  early. 


The  origin  of  the  sudden  warming  ))hcnom- 
enon  is  still  n  mystery.  It  was  first  believed  to 
be  caused  by  outbursts  of  solar  corpuscular  or 
ultraviolet  radiation,  but  this  view  Is  now  pretty 
much  discredited.  The  fact  that  the  warming  gen¬ 
erally  begins  isi  Uuf  highest  levels  of  observation 
and  is  most  intense  at  these  levels  is  regarded  by 
many  as  evidence  that  the  disturbance  begins  high 
in  the  stratosphere  and  propagates  downward. 

Whether  significant  disturbances  other  than 
the  sudden  warmings  occur  In  the  stratosphere 
is  a  matter  of  question.  Some  authors  believe 
that  the  intense  temperature  gradients  associated 
with  the  polar  night  vortex  and  stratospheric  jet 
stream  generate  baroclinic  disturbances  in  the 
stratosphere  which  are  distinct  from  those  in 
the  troposphere.  Definite  confirmation  of  these 
moving,  amplifying  waves  is  awaited. 
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4.  ARCTIC  SYNOPTIC  ANALYSIS 


4.1  Preliminary  Remarks 

The  previous  chapter  dealt  with  the  struc¬ 
ture  of  arctic  weather  systems.  This  chapter 
will  be  concerned  with  principles  and  procedures 
for  analyzing  these  systems. 

No  special  methods  of  analysis  are  used  in 
or  recommended  for  polar  regions.  The  arctic 
atmosphere  is  most  properly  thought  of  as  an 
extension  of  the  cxtrapolar  atmosphere,  subject 
to  the  same  dynamic  and  thermodynamic  con¬ 
trols  and  amenable  to  the  same  methods  of  anal¬ 
ysis.  In  this  respect  polar  meteorology  differs 
from  tropical  meteorology,  which  does  treat  of 
distinctive  synoptic  features  and  does  make  use 
of  special  methods  of  analysis. 

Despite  the  basic  similarities  in  the  circu¬ 
lation  patterns  of  high  and  middle  latitudes,  the 
neophyte  in  arctic  meteorology  is  more  apt  tobe 
impressed  by  the  apparent  differences  between 
the  weather  phenomena  of  the  two  zones  than  by 
their  similarities.  The  reasons  for  these  dif¬ 
ferences  are  to  be  sought  in  differences  in  in¬ 
tensities  and  frequeneiesof  the  various  synoptic 
features,  in  the  modifications  in  air  flow  pro¬ 
duced  by  geographical  factors,  and  in  the  diffi¬ 
culties  imposed  by  a  sparse  observational  net¬ 
work. 

Thus,  the  persistent  low-level  inversion 
Introduces  complications  into  surface  analysis, 
as  has  already  been  discussed  to  some  extent  in 
the  previous  chapter.  Moreover,  old  occluded 
cyclones  or  cold  lows  are  more  common  in  polar 
regions  than  young,  thermally -asymmetric  de¬ 
pressions,  These  older,  decaying  systems  do 
not  possess  the  sharp  features  of  the  maturing 
disturbances,  and,  therefore,  maybe  difficult  to 
delineate,  especially  In  regions  of  sparse  data. 

On  the  geographical  side,  Greenland  exerts 
profound  influences  on  the  air  flow  in  its  vicinity. 
Other  topographical  features  which  affect  the 
behavior  of  pressui-c  systenis,  but  to  a  lesser 
degree,  oi*e  the  mountains  of  Alaska,  eastern 
Siberia,  the  Canadian  Archipelago,  and  Scandi- 
na  via. 

The  most  formidable  problem  ol  polar  anal¬ 
ysis  stems  from  the  deficiency  of  the  observa¬ 
tional  network  over  the  arctic  seas.  During  the 
past  decade,  thanks  to  the  maintenance  of  drift¬ 
ing  ice  stations  and  to  regular  weather  recon¬ 
naissance  flights,  it  hasbecomc  possible  toper- 


form  synoptic  analyses  on  a  dally  basis  for  the 
entire  Polar  Basin.  However,  the  analyses  are 
often  subject  to  considerable  uncertainty,  and 
the  analyst  must  take  more  than  ordinary  pains 
to  insure  that  his  solution  in  a  given  situation  is 
the  best  possible.  In  this  respect,  polar  analysis 
has  much  In  common  with  analysis  over  other 
oceanic  areas  where  synoptic  reports  are  scarce. 

Procedures  for  analyzing  in  areas  of  sparse 
data  or  "silent  areas’*  will  be  discussed  in  sub¬ 
sequent  sections.  These  procedures  are  based 
on  the  following  guiding  principles; 

(1)  Maximum  use  of  available  data.  The 
arctic  analyst  must  exercise  unusual  care  in 
compiling  data.  He  must  acquire  a  knowledge  of 
all  reports  that  are  to  be  expected  from  remote 
areas  and  must  constantly  check  to  see  that  they 
have  been  received  and  plotted. 

(2)  Careful  time  continuity.  History  must 
be  maintained  on  highs,  lows,  and  fronts,  and 
reasonable  extrapolations  must  be  made  when 
these  features  move  from  areas  where  data  are 
plentiful  to  areas  where  they  are  scanty. 

(3)  Systematic  checks  for  vertical  consis¬ 
tency.  These  may  be  accomplished  by  various 
methods  of  differential  analysis,  A  general  con¬ 
sideration  of  the  subject  will  not  be  entered  into 
here,  although  one  "buildup”  technique  which  has 
been  used  successfully  over  the  Polar  Basin  will 
be  expl,'\incd  and  Illustrated  In  the  next  section. 

(4)  Knowledge  of  the  synoptic  climatology 
of  the  area.  The  analyst  can  analyze  more  ima¬ 
ginatively  if  he  has  some  knowledge  of  typical 
synoptic  behavior  In  the  region  of  interest.  As 
a  substitute  for  experience,  the  newcomer  to  an 
area  can  familiarize  himself  with  published 
material  on  cyclone  and  anticyclone  frequencies, 
storm  tracks,  etc.  A  summary  of  the  behavior 
of  synoptic  systems  in  the  Arctic  is  presented 
in  section  3.8  of  chapter  3. 

In  summarizing  these  preliminary  remarks, 
It  is  noted  again  that  arctic  analysis  does  not 
pose  any  unique  problems  of  a  fundamental  sort, 
but  offers  instead  a  host  of  lesser  or  secondary 
problems,  many  of  them  emanating  from  the  lack 
of  an  adequate  network  of  observing  stations. 

4.2  Surface  Analysis 

Over  areas  of  the  Arctic  where  observational 
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data  are  ample,  Isobarlc  analysis  presents  no 
special  difficulties.  Thus,  our  main  concern 
here  will  be  with  analysis  over  the  Arctic  Ocean 
where  the  amount  of  data  is  quite  limited.  Fig¬ 
ure  4.1  shows  the  present  (1961)  observing  net¬ 
work  north  of  65  degrees.  It  is  seen  that  the 
main  sources  of  data  beyond  the  continental 
limits  are  the  various  offshore  Islands,  the  drift¬ 
ing  ice  stations,  and  the  aircraft  reconnaissance 
flights.  Surface  synoptic  reports  are  sent  by  the 
Islands  and  drifting  stations  every  6  hours.  A 
number  of  these  stations  take  twice-daily  upper 
air  observations  as  well. 

Reconnaissance  flights  are  made  once  a  day. 
The  usual  flight  plan  Involves  a  first  leg  at  the 
VOO-mb.  level  from  near  Point  Barrow  north¬ 
ward  to  about  86*N,,  a  second  leg  at  the  500 -mb, 
level  from  there  to  about  79*  N.  I27‘W.,  and  a 
final  leg  also  at  500  mb.  from  the  latter  point  to 
Barter  Island.  Temperature,  humidity,  and  wind 
measurements  are  made  at  Intervals  of  150 
miles.  Dropsondes  are  released  at  five  prede¬ 
termined  spots  en  route. 

In  addition  to  operating  two  drifting  ice  sta¬ 
tions  (usually)  from  which  both  surface  and 
upper-air  reports  are  sent,  Russian  scientists 
also  make  occasional  short-term  landings  on  th’c 
ice  pack.  The  analyst  must  maintain  a  constant 
lookout  for  the  weather  reports  from  these  more 
temporary  locations. 

Once  all  available  data  are  plotted,  the 
analyst  should  mark  the  previous  positions  of 
highs,  lows,  fronts,  and  non-frontal  troughs  on 
his  chart  and  should  mentally,  at  least,  estimate 
the  probable  locations  of  these  features  on  the 
current  chart.  The  estimates  may  be  based  on 
either  kinematic  or  dynamic  extrapolation  tech¬ 
niques. 

A  useful  rule  in  extrapolating  surface  low 
centers  is  that  to  a  first  approximation  they  move 
parallel  to  the  flow  at  500  mb,  and  at  one-half  the 
500 -mb.  wind  speed.  The  same  rule  can  be  ap¬ 
plied  to  the  segments  which  compose  a  surface 
cold  or  occluded  front.  When  the  pressure  sys¬ 
tem  is  nearly  vertical,  the  rule  does  not  hold 
well  since  the  steering  field  above  the  low  cen¬ 
ter  changes  direction  too  rapidly.  In  such  cases 
the  movement  of  the  surface  system  is  governed 
largely  by  the  movement  of  the  low  aloft.  A 
simple  method  for  displacing  upper  lows  is  given 
in  the  following  section  on  upper-air  analysis. 

The  next  step  in  the  analysis  is  to  fit  the 
estimated  picture  of  the  situation  to  the  few 
available  reports.  Unless  obvious  errors  are 


present,  precise  use  should  be  made  of  reported 
winds  and  pressure  in  drawing  isobars  over  the 
Arctic  Ocean,  Because  of  the  flat  and  uniform 
surface,  winds  are  highly  representative,  and, 
therefore,  can  be  used  to  good  advantage  in 
orienting  and  spacing  the  isobars.  On  the  aver¬ 
age,  the  surface  wind  makes  an  angle  of  20°  to 
40°  with  the  Isobars  and  blows  at  40  to  60  percent 
of  the  gradient  wind  speed.  Variations  In  wind 
speed  and  stability  may  alter  the  above  figures 
somewhat  but  are  not  sufficiently  Important  to 
be  taken  Into  account  in  routine  analysis. 

At  coastal  and  inland  locations  winds  must 
be  used  with  discretion  in  isobaric  analysis  be¬ 
cause  of  terrain  effects.  In  mountainous  regions 
fictitious  pressure  gradients  appear  which  make 
isobarlc  analysis  difficult  (or  meaningless). 
These  are  due  in  part  to  the  pressure  reduction 
to  sea  level  and  In  part  to  the  action  of  mountain 
barriers  in  building  and  maintaining  large  pres¬ 
sure  differences  between  low-level  stations  on 
opposite  sides.  The  significance  of  sea  level 
Isobars  a  mile  or  more  below  the  surface  of  the 
Greenland  plateau  has  often  been  questioned.  In 
this  and  other  areas  of  high  topography,  the 
analyst  should  put  greater  stress  on  upper-air 
charts  in  specifying  the  flow  pattern,  especially 
the  chart  for  the  first  pressure  surface  above 
the  general  ridge  level. 

Surface  frontal  analysis  is  more  difficult  In 
the  Arctic  than  at  lower  latitudes.  A  first  reason 
for  this  is  that,  on  the  average,  fronts  tend  to  bo 
weaker  at  high  latitudes.  The  thermal  contrasts 
are  not  generally  so  strong,  and  many  of  the  fronts 
are  old  occlusions  undergoing  frontolysis,  A  sec- 
cond  difficulty  has  been  mentioned  earlier.  It  has 
to  do  with  the  poor  association  between  surface 
temperature  changes  and  temperature  changes 
aloft  wlien  Inversion  conditions  are  present. 

Time  sections  or  continuous  records  of 
pressure,  temperature,  wind,  sky  and  weather 
conditions,  and  precipitation  amount  are  helpful 
in  detecting  frontal  passages  at  Isolated  stations. 
By  considering  all  elements  the  analyst  can  com¬ 
pensate  for  the  indecisive  nature  of  the  temper¬ 
ature  record.  The  analyst  at  a  weather  center 
docs  not,  of  course,  have  immediate  access  to 
continuous  records  from  ice  stations,  but  keep¬ 
ing  a  running  record  of  the  6 -hourly  synoptic 
observations  offers  a  worthwhile  substitute. 

A  log  of  6-hourly  reports  proves  helpful  in 
other  ways.  When  maps  areanaly2ed  at  only  12- 
or  24-hour  intervals,  the  information  from  the 
Intermediate  hours  allows  the  analyst  to  deter¬ 
mine  more  accurately  the  time  of  passage  of 
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Figure  4,1.  Arctir  Weather  Observing  Network  (16611. 
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Significant  features,  such  as  troughs  and  ridge-* 
lines,  and  the  Intensity  at  the  time  of  passage. 
When  reports  are  missing  at  standard  map 
hours--as  happens  all  toooften  in  practice--the 
6-hourly  reports  provide  a  more  recent  basis 
for  extrapolation. 

4,3  Upper~LeveI  Analysis 

As  In  the  case  of  surface  analysis,  good 
upper-air  analysis  over  the  Arctic  rests  on  max¬ 
imum  use  of  the  available  data,  on  the  mainte- 
nanceof  careful  time  continuity,  and,  to  a  lesser 
degree,  on  a  knowledge  of  the  synoptic  climatol¬ 
ogy  of  the  area.  In  addition,  some  method  of  dif¬ 
ferential  analysis  is  required  over  portions  of 
the  Polar  Basin  so  that  upper-level  contours 
may  be  thermally  consistent  with  the  surface 
isobars. 

The  present  (1961)  sources  of  upper-air 
data  are  shown  in  figure  4.1,  North  of  70*  N.  the 
number  of  observations  is  quite  limited,  and  the 
analyst  will  have  little  difficulty  familiarizing 
himself  with  the  types,  times,  and  locations  of 
reports. 

Although  the  use  of  differential  analysis  will 
usually  assure  that  Important  features  of  the 
upper -level  flow  pattern  are  delineated  and 
placed  in  proper  relationship  to  surface  pres¬ 
sure  systems.  It  is,  nevertheless,  advisable  to 
maintain  separate  time  continuity  for  the  higher 
levels  as  well.  Previous  positions  of  high  and 
low  centers  and  troughs  and  ridges  should  be 
marked  on  the  current  chart,  and  the  analyzed 
positions  of  these  features  should  represent  rea¬ 
sonable  extrapolations  from  the  earlier  state. 

A  number  of  methods  which  are  superior  in 
accuracy  to  simple  extrapolation,  are  available 
for  cstlmoting  the  displacement  of  500-mb. 
troughs  and  ridges.  A  method  which  is  quick 
and  easy  to  apply  and  which  gives  useful  results 
is  the  grid  or  box  method.  This  Is  one  of  several 
methods  which  displaces  systems  according  to 
the  mean  wind  field,  a  procedure  which  finds 
theoretical  Justification  In  the  FJortoft  method, 

A  box  20  degrees  square  has  been  employed 
successfully  in  displacing  both  closed  lows  at 
high  latitudes,  and  troughs  and  lows  at  middle 
latitudes.  An  example  of  such  a  box,  oriented 
so  as  togive  the  trough  displacement  at  point  O, 
is  shown  in  figure  4,2,  For  a  polar  stcreogra- 
phic  projection  the  24-hour  displacement  In  de¬ 
grees  of  latitude  Is  computed  from  the  following 
formula: 

D  =  \  KZj  -  ii)  *  (Z4  -  Z3)  *(Z6  -  7.5)) 


Figure  4.2,  Illustration  of  Box  Metiiodof  Displacing  500- 
mb.  Trough. 


where  the  Z's  are  heights  in  hundreds  of  feet  at 
the  appropriate  grid  points.  In  displacing  lows, 
it  is  necessary  to  measure  the  component  dis¬ 
placements  in  the  east-west  and  north-south 
directions  and  to  sum  these  vectorially. 

The  contours  in  figures  4.3  and  4.4  give 
some  Information  regarding  the  climatology  of 
upper-level  systems.  In  winter  it  is  seen  that 
the  lows  tend  to  collect  mainly  In  two  Qrcas--in 
the  large  troughs  west  of  Greenland  and  over 
northea-st  Siberia.  A  third  trough  of  lesser  im¬ 
portance  is  located  near  Novaya  Zcmlya,  nidges 
predominate  in  the  vicinity  of  Alaska  and  Scan¬ 
dinavia.  Areas  of  mean  troughs  and  ridges 


Figure  4.3.  Schematic  Diagram  of  Cyclone  Hehavior 
Over  Folnr  Areas  in  January.  Dashed  Line 
Is  Selected  Mean  Contour  at  SOO  mb. 
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Figure  ‘l.-l.  Schematic  Diagram  of  Cyclone  Behavior 
Over  i^olar  Areas  in  July.  Dashed  Line  Is 
Selected  Mean  Contour  at  500  mb. 


should  be  regarded  as  areas  where  daily  troughs 
and  ridges  are  especially  intense  or  persistent, 
and  It  should  be  noted,  for  instance,  that  migra* 
tory  lows  may  be  rather  common  in  the  area 
whore  average  conditions  show  a  ridge, 

rrom  figure  4.4  it  is  seen  that  a  four-wave 
pattern  prevails  in  summer.  The  trough  to  the 
west  of  Greenland  remains  in  about  the  winter 
position  as  docs  the  minor  trough  near  Novaya 
7>cmlyn,  The  second  major  trough  migrates 
eastward  to  the  Aleutians,  and  a  new  trough  ap¬ 
pears  near  Iceland,  Again  these  troughs  tend  to 
he  collecting  areas  for  lows,  though  they  fail  to 
bring  out  the  area  of  high  cyclone  frequency  near 
the  pole  itself. 

Vertical  or  thermal  consistency  may  be 
achieved  in  a  number  of  ways.  Here  we  shall 
describe  a  method  that  has  been  tried  and  found 
useful  in  analysis  over  the  Polar  Basin,  This 
method  is  based  on  statistical  relationships  be¬ 
tween  700 -mb.  temperature  and  1,000  to  500  mb. 


thickness,  and  provides  a  means  of  obtaining 
500-mb,  heights  at  selected  points  when  the  sur¬ 
face  pressure  and  700-ntb,  temperature  are 
known. 

To  facilitate  use  of  the  method,  nomograms 
have  been  prepared  for  each  of  the  four  seasons. 
The  analyst  first  analyzes  the  surface  isobars 
and  the  700 -mb.  isotherms,  taking  care  that  the 
isotherms  bear  a  reasonable  relationship  to  the 
surface  flow  pattern  and  that  they  follow  logically 
from  the  previous  analysis.  Only  at  the  synoptic 
hour  coinciding  with  the  reconnaissance  flight 
will  it  be  possible  to  draw  the  isotherms  with  a 
high  degree  of  accuracy.  Once  the  analyses  are 
completed,  the  analyst  interpolates  pressures 
and  temperatures  at  various  latitude  and  longi¬ 
tude  intersections  and  enters  the  graphs  with  the 
interpolated  values.  The  corresponding  heights, 
as  read  from  the  slanting  lines,  are  then  plotted 
on  the  500-mb.  chart. 

For  a  specified  surface  pressure  and  700- 
mb,  temperature,  the  standard  error  of  estimate 
of  500-mb.  height  is  approximately  70  feet  irre¬ 
spective  of  season.  Since,  however,  in  practical 
application  the  analyzed  pressure  and  tempera¬ 
ture  may  be  somewhat  in  error,  the  analyst 
should  allow  himself  a  tolerance  of  about  100  to 
200  feet  in  analyzing  for  the  computed  heights. 
The  nomograms  are  presented  in  figures  4,5 
through  4,8,  and  an  example,  based  on  the  July 
nomogram,  appears  in  figure  4.9. 

Most  of  the  remarks  concerning  up})er-lcvol 
analysis  have  dealt  with  the  500-mb,  surface. 
This  surface  is  generally  regarded  ns  the  key 
upper  level,  and  usually  provides  a  good  basis 
for  interpolation  downward  and  extrapolation 
upward.  As  a  rule,  the  broad  features  of  the 
500-mb,  }jntlern  are  still  recognizable  up  to  the 
150-  or  100-mb.  levels.  Higher  In  the  strato¬ 
sphere  the  flow  pattern  may  change  considerably. 
In  winter,  at  50  ond  25  millibars,  very  pronounced 
large-scale  disturbances  develop  over  the  polar 
regions  w'hich  appear  to  be  unrelated  to  the  tro¬ 
pospheric  flow.  These  arc  discussed  further  in 
section  3,9  of  chapter  3. 


-  69 


Figure  4.5,  Nomogram  Relating  500-mb.  Height  to  Surface  Pressure  and  700-mb.  Temperature  --  January.  (Heightsin  Feet  with  First  and  Last  Digits  Omitted.) 
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Pigurf  4.S.  Nomogram  Relating  500-mb.  Height  to  Surface  Pre. isurc  and  700-mb.  Temperature  —  April.  (Heights  in  Feet  with  First  and  Last  Digits  Omitted.) 
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Figure  4.7.  Nomogram  Relating  300-mb.  Height  to  Surface  Pressure  and  700-iab.  Temperature  --  JuJy.  (Heights  in  Feet  with  First  and  Last  Digits  Omitted.) 
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5.  ARCTIC  FORECASTING 


Arctic  forecasting,  like  arctic  analysis, 
cannot  be  regarded  as  a  fundamental  branch  of 
meteorological  science,  but  must  be  viewed  in¬ 
stead  as  an  extension  of  the  concepts  and  methods 
of  middle  latitude  forecasting  to  the  prediction 
problems  of  the  Arctic.  It  is  beyond  the  scope 
of  the  present  work  to  review  the  wide  variety 
of  techniques  that  are  currently  in  use  in  pre¬ 
paring  prognostic  charts  and  in  forecasting  the 
associated  weather  conditions.  It  is  sufficient 
to  say,  that  in  the  discussion  which  follows  it 
will  be  assumed  that  the  forecaster  has  available 
to  him--by  facsimile,  teletype,  or  his  own  de- 
viccs--a  prognostic  chart,  and  that  this  chart 
provides  him  with  the  information  he  requires 
regarding  the  behavior  of  the  large-scale  flow 
pattern.  A  review  oi  methods  for  constructing 
prognostic  charts  maybe  found  inVolumes  I  and 
II  of  Petterssen  [8}. 

It  will  also  be  assumed  that  the  forecaster 
is  familiar  with  the  techniques  used  in  deriving 
objective  forecast  aids  of  the  type  used  in  local 
f<)r<‘<'ast  studies,  A  description  of  these  tech- 
ni(pics  is  contained  in  Volume  II  of  Petterssen 

i«i. 

Altliough  the  |)rinri|)lcs  and  methods  used 
ill  the  Ircatmciil  of  ar<‘lic  forecast  problems  are 
in  no  way  peculiar  polar  regions,  thoj)rob- 

Icins  tlaunsi'l vt‘s  arc  in  many  cases  unique,  or 
n(*a  r ly  iiniqiH'.  Ice  fog  and  blowing  snow  may  he 
cilott  as  examples  of  phenomena  which  constitute 
iinpoi  l.'inf  forecast  ()roblcms  at  high  latitudes 
but  wlm  h  arc  of  only  minor  importance  clse- 
wl’icrc. 

Primary  cmplu-sis  here  will  be  on  those 
plu  iioim  na  wliudi  nr»*  more  or  less  peculiai'  tJ) 
high  latituiles.  Lesser  attention  will  he  devoted 
to  oth(*r  asjiects  of  the  forecast  problem  which 
are  perhaps  sligtitly  altered  under  arctic  condi¬ 
tions  but  wbii  h  are  lUbeiwisc  the  same  as  at 
ninldlc  latitudes. 

An  .itteinpt  has  heei;  made  to  in<'lude  in  the 
discussiiin  all  meteorologic  al  elem«‘nts  and  phe¬ 
nomena  which  af  e  c'»f  in'iportance  to  the  arctic 
forecaster.  In  each  case  the  significant  empiri¬ 
cal  and  jihysic  al  facts  ecmnoc’ted  with  the  element 
arc  first  reviewed;  following  this,  suggestions 
arc*  offt‘rcd  for  its  prediction.  Where  objective 
fnrc'i  as*,  aids  are  known  and  available  to  the 
wT  iti’T  .  thc’Si*  are  clrsonbed  in  ronsiclerahlc'  de¬ 
tail  ;ndcr  the  appropriate  headings. 


One  cannot  read  this  section  without  realiz¬ 
ing  that  much  remains  to  be  done  in  the  field  of 
arctic  forecasting.  It  is  hoped  that  the  emphasis 
here  on  physical  understanding  of  the  various 
phenomena  wTll  provide  the  forecaster  with  the 
background  for  fresh  attacks  on  the  more  press¬ 
ing  problems, 

5.1  Wind 

5.1.1  General  Remarks  on  Wind  Tyjies 

In  discussing  the  problem  of  wind  forecast¬ 
ing  it  is  important  to  distinguish  between  winds 
which  are  part  of  the  large-scale  circulation 
patterns,  as  depicted  on  the  synoptic  chart,  and 
winds  which  are  of  local  origin.  These  latter 
winds,  or  local  winds  as  they  are  called,  are 
connected  with  features  of  the  local  topography 
and  may  be  divided  into  two  main  cf\tcgories 
according  to  their  mode  of  formalion, 

A  first  type  of  local  wind  arises  from  dif¬ 
ferential  heating  or  cooling  of  the  air  on  a  re¬ 
stricted  scale.  Examples  of  winds  of  this  type 
arc  sen  and  land  breezes,  mountain  and  valley 
breezes,  aiui  glacier  winds, 

Such  winds  are  much  affected  by  the  general 
wind  in  the  area,  in  some  instances  being  r’cin- 
forced  by  tlu*  ])rrvailing  wind,  in  other  cases 
being  counlerarted  or  completely  suppresser!. 

1'he  secund  main  type  of  local  wind  may  be 
thought  of  as  a  disturbance  in  the  large-scale 
flow  brought  about  by  some  feature  of  the  local 
tojiogrnphy  lb  rough  mechanical  action  rather 
than  through  thermal  at:tion,  as  in  th(r  previema 
type.  The  thermally-induced  wind  is  seen  in  its 
purest  form  when  the  pressure  grafllcnt  is  flat 
and  the  general  wind  is  light  or  absent.  The 
mrchanically-induccd  wind  cannot  exist  without 
a  general  Vi'ind  and  is  most  pronounced  when  the 
pressure  gradient  is  large  and  the  wind  strong. 

The  most  familiar  example  of  a  local  wind 
of  the  mechnnirnl  type  is  the  foehn,  a  warm,  dry 
wind  whicli  ocrurs  when  the  large-scale  pressure 
gradient  forces  air  to  cross  a  mountain  range 
and  to  descend  on  the  lee  side.  The  foehn  is  often 
marked  by  gustiness  and  may  on  occasions  attain 
gale  or  hurricane  intensity. 

In  arras  where  a  mountain  range  or  high 
plateau  borders  a  coast,  it  is  possible  during  the 
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cold  season  for  the  foehn  air  to  arrive  at  the 
coast  with  temperatures  lower  than  those  pre¬ 
viously  existing  despite  the  adiabatic  warming, 
A  foehn  of  this  type  is  often  called  a  bora,  de¬ 
riving  its  name  from  a  violent  wind  that  occa¬ 
sionally  strikes  the  Dalmatian  coast  in  winter. 
The  gusty  character  of  the  bora  is  sometimes 
cited  as  proof  that  the  wind  has  a  strong  kata¬ 
batic  component,  but  the  true  or  warm  foelin 
often  displays  this  same  feature  so  that  it  is 
probably  more  correct  to  regard  the  bora -type 
wind  as  merely  a  cold  foehn  rather  than  as  a 
katabatic  wind'  reinforced  by  the  pressure  gra¬ 
dient. 

In  addition  to  the  foehn-t3'pe  winds  in  which 
air  is  directed  downslope  by  the  large-scale 
pressure  gradient,  there  are  pronounced  local 
wind  effects  of  the  mechanical  type  in  which  the 
airflow  is  essentially  horizontal.  These  effects 
are  noted  in  the  vicinity  of  certain  topographic 
features  such  as  mountain  passes,  water  chan¬ 
nels,  and  coastal  bluffs  and  are  referred  to  by  a 
variety  of  terms-- venturi,  jet,  funneling,  chan¬ 
neling,  and  barrier  effects,  to  mention  a  few, 

5,1.2  Strong  Surface  Winds 

lly  strong  win<ls  wc  shall  mean  sustained 
winds  of  30  knots  or  more.  This  definition  is 
admittedly  arbitrary,  but  conforms  fairly  (  loscly 
lu  llic  I fitLTion  set  up  by  other  v.rilers  on  the 
s\d)ject. 

Wind  sliKlies  at  a  large  nmnher  of  ai“<  Ue 
sit('S  l  eveal  that  high  surfa<  ('  wiiuls  ai'e  invari- 
ahly  asso<:iate<l  with  well -<levo)opcd  pressure 
gradhuits.  Very  often  the  obscu  ved  speeds  ran 
he  acrountetl  for  entirely  by  the  pressure  gra- 
dU’ul.  while  at  other  times  a  local  enhancement 
o<-rurs  whirli  must  be  attributed  to  some  effect 
of  the  local  top<»graphv.  This  topograpluc al  iii- 
fluence  is  evidenei’d  by  the  strong  tendency  for 
high  winds  to  blow  from  a  preferred  direction  al 
many  sites,  'Phus,  we  may  state  the  general  rule 
that  strong  winds  tend  to  orr\ir  when  the  pres- 
s\ire  gradient  is  relatively  pi'onounred  and  ori- 
(*nted  in  a  preferred  direction  with  resp«‘<  t  to 
the  h)cal  topography, 

Hecausc  of  the  grnorallv  weak  nature  <jf  the 
pure  katabatic  wind,  that  is,  the  ooUl  downslope 
w)nd  that  forms  during  periods  of  flat  pressure 
gradient .  the  extreme  cases  of  local  enhancement 
cannot  bo  ascribed  to  thermal  effects  but  must, 
instead,  be  explaim»d  flynamually,  Ihrfact  that 


the  extreme  cases  are  characterized  by  abnor¬ 
mal  warmth  at  most  arctic  stations  strongly  sup¬ 
ports  this  view.  Moreover,  at  some  sites  where 
unusual  winds  are  noted  there  is  not  sufficient 
relief  to  cause  a  significant  katabatic  effect. 

To  give  some  idea  of  the  variety  of  condi¬ 
tions  under  which  strong  winds  occur,  wc  shall 
review  the  typical  circumstances  at  n  number  of 
specific  locations, 

(a)  Narsarssuak,  Greenland 

This  station  lies  at  the  head  of  n  fjord  on  the 
south  coast  of  Greenland,  Strong  winds  occur 
with  low  pressure  to  the  south  or  southwest  of 
the  station  and  high  pressure  to  the  north  or 
northeast.  The  wind  blows  toward  low  pressure, 
descending  from  the  icecap  which  rises  to  an 
elevation  of  8,000  feet  a  short  distance  inland 
from  the  station,  The  wind  speed  is  roughly 
proportional  to  the  pressure  gradient  along  the 
southeast  coast  and  occasionally  exceeds  100 
knots,  rhe  wind  is  warm  and  di*y  and  obviously 
belongs  in  the  foehn  catagory. 

(b)  I'hule,  Greenland 

The  station  is  located  in  a  valley  on  the  west 
coast  of  Greenland  with  the  main  body  of  the  icc- 
rn])  lying  to  the  oast.  To  the  southeast  a  tongue 
of  icc  about  2,500  fc>ct  in  elevation  protrudes 
outwai'd  from  tin*  icecap.  'Fhe  strong  winds, 
almost  without  exception,  blow  from  the  south - 
easterly  (juadrant  and  arc  assoc  ialed  witli  rtda- 
tivrly  warm  tiMTipernturos.  These  are  due  in 
part  to  turbulent  mixing,  in  part  to  aciiabatie 
ilcsrent  from  the  ire  arm,  and  in  part  to  the  acl- 
vectionof  air  whieh  is  of  more  snutiicrly origin. 
A  strong  pressure  gradient  between  I'hule  and 
Upernavik .  300  miles  to  the  soutlionst ,  isa  major 
factor  in  tlu-  o<  currcnce  of  the  "Thule  Wind.*' 
l''rom  the  description,  it  appears  that  Mils  wind 
IS  at  least  partly  foehn  in  character, 

(c)  Alert,  Klh?snier*e  Island 

The  station  is  located  at  the  northeast  tip  of 
Kllcsmere  Island  cdose  to  Hoheson  C!h;innel, 
which  divides  this  island  from  Greenland.  Two 
mountain  systems  with  permanent  snow  and  i<  o 
fields  lie  well  to  the  west  and  southwest  (;f  the 
station.  The  valley  between  tliese  systems  is 
oriented  northeast  -  southwest ,  paralleling  Hol)e  - 
sf)n  Channel,  ami  is  generally  below  3,000  feet 
inelcvation,  Thestrong  winf!Rb]r)w  mostlyfrorn 
the  srjuthwest  at  times  when  the  pressure  gra- 
dieni  is  strong  and  is  orientcfl  in  such  a  way  as 
to  force  the  air  to  flow  in  this  djrertif»n,  these 
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winds  are  relatively  warm,  A  foehn  effect  is 
suggested,  but  the  humidity  is  sometimes  quite 
high  both  at  the  surface  and  aloft  so  that  chan¬ 
neling  and  barrier  effects  must  also  be  of  im¬ 
portance. 

(d)  Barter  Island 

This  small,  flat  island  located  immediately 
off  the  north  coast  of  Alaska  is  occasionally 
visited  by  strong  and  persistent  winds  which 
blow  parallel  to  the  coast,  either  in  an  easterly 
or  westerly  direction.  It  has  been  convincingly 
demonstrated  (1)  that  the  abnormal  wind  speeds 
arc  caused  by  a  funnelling  of  the  air  around  a 
knob-like  protrusion  of  the  Brooks  Kange,  located 
50  miles  to  the  south  of  the  station, 

(e)  Juneau.  Alaska 

Juneau  is  located  on  the  southeastern  coast 
of  Alaska  on  a  narrow  shelf  that  rises  abruptly 
to  an  ice  plateau  of  roughly  5,000  leet  elevation. 
The  strong  winds  that  occur  there  are  known  as 
Takus.  since  they  are  popularly  associated  with 
the  nearby  Taku  Glacier.  These  winds,  however, 
are  of  the  bora  tyi)C,  being  always  associated 
witha  Inrgepressure  gradient  either  inconjunc¬ 
tion  with  a  deep  low  offshore  or,  in  the  more 
spectacular  instances,  with  a  powerful  high  over 
the  inland  plateau.  The  cold  temperatures  as¬ 
sociated  with  the  wind  are  due  to  the  outflow  of 
very  cold  air  from  the  interior.  In  cases  where 
the  inland  temperatures  arc  loss  extromo,  the 
adialjntic  warming  may  be  sufficient  to  produce 
n  local  wnrniiiig  and  tints  place  the  Taku  in  the 
fociin  rather  than  the  bora  category, 

(f)  Hig  OcUa,  Alaska 

Although  strong  arctic  winds  arc  chnrnc- 
ttM  istually  associated  with  coastal  localities, 
they  may  tjccur  at  inland  stations  as  well,  pro¬ 
vided  that  thoprofjer  terrain  features  and  mete¬ 
orological  coiuhtions  exist.  Big  Uelta--locatcd 
near  tlienuntthof  n  long  V'allcy,  oriented  approx¬ 
imately  west  -iiortiuvest  to  cast  -  southeast  with 
mountains  on  either  .sidc--is  an  example  of  an 
inland  site  that  experiences  occasional  outbursts 
of  stiaiMg  and  gusty  winds.  The  winds  blow  most 
commonly  fi'om  tin*  east -southeast  (along  the 
.ixisof  tlu-vallcv)  and  less  frequently  from  south 
to  .southeast,  'fhey  arc  invnriabiy  associated 
with  a  Irirge  pressure  gratiient  in  the  <lirectioii 
of  (he  valley  .and  w  ith  relatively  warm  tempera¬ 
tures,  I'lu*  warming  i.s  most  luonounred  with  n 
suuthri  ly  V  Jiid  fr<>m  the  inouniains  in  which  case 
tile  wiiid  may  be  rlassifietl  ns  a  foehn.  In  the 
more  rommi-n  <  of  dsnvn-valley  flow,  the 


warming  is  due  mostly  to  the  destruction  of  the 
surface  inversion  by  turbulent  mixing,  and  the 
high  velocities  are  attributed  to  a  funnelling 
effect. 

5.1.3  Two  Examples  of  Strong  Wind  Occur¬ 
rences 

The  first  case  which  we  shall  use  for  illus¬ 
tration  is  a  particularly  dramatic  one  that  took 
place  at  Alert,  Ellesmere  Island,  on  4  February 
1953.  However,  it  is  by  no  means  an  isolated 
case  and  displays  many  features  in  common  with 
high-wind  occurrences  at  other  arctic  sites. 

Table  5.1  lists  the  successive  3-hourly  sur¬ 
face  observations  surroundingthe lime  of  occur¬ 
rence,  and  graphs  of  temperature,  pressure, 
and  wind  speed  appear  in  figure  5.1,  From  fig¬ 
ure  5.1  one  notes  a  steady,  rapid  drop  in  pres¬ 
sure  and  a  gradual  rise  in  temperature  preced¬ 
ing  the  onset  of  the  high  winds.  Following  a  long 
period  of  calm,  the  wind  blows  lightly  at  first, 
then  rises  abruptly  to  hurricane  strength.  Be¬ 
cause  of  the  3-hourly  interval,  the  exact  rate 
of  increase  in  not  known  but  similar  jumps  are 
known  to  have  occurred  in  periods  of  an  hour  or 
less. 

With  the  onset  of  the  gale  winds  the  tem¬ 
perature  shows  nn  abrupt  inci'case,  and  the  pres¬ 
sure  levels  tind  begins  to  rise,  at  first  slowly 
then  more  rapidly,  A  rapid  decline  in  wind 
strength  accompanies  the  sharp  prcs.surc  rise 
and,  except  for  occa.sional  fitful  increases,  the 
big  blow'  is  over.  The  temperature  remains 
relatively  warm  for  many  hours  following  the 
occurrence,  then  returns  nearly  to  its  etirlier 
level. 

From  table  5,1  it  is  seen  that  only  scattered 
high  clouds  were  jircscnt  immcflintely  preceding 
the  strong  winds  and  that  skies  were  completely 
clear  following.  At  the  lime  of  ocrurrimce  the 
sky  was  obscured  and  the  visibility  was  reduced 
to  zero  by  blowing  snow. 

The  synoptic  pattern  accompanying  the 
strong  wind  situation  is  depicted  In  figures  5.3, 
5,3,  and  5,1.  A  deepening  low  passes  to  the  west 
of  the  station,  making  Jls  closest  apprnar-h  at 
approximately  the  time  of  greatest  wind  strength. 
Aloft  the  flow  is  from  the  semth  and  quite  strong. 
The  observed  peak  surface  wind  is  in  excess  of 
h<>tb  the  wind  at  700  mb,  and  the  gradient  wind, 
but  the  latter  is  abnormally  strong  for  the  area 
and  in  roughly  the  same  direction  as  the  observed 
wind.  The  usual  association  between  strong  wiml 
and  pressure  gradient  is  evident. 
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TABLE  5.1 

Three-Hourly  Synoptic  Observationa  for  Alert,  Ellesmere  Island,  February  4,  5.  and  6,  1953  [9]. 


Date 

Hour 

GCT 

Sky  Cover 
(Tenths) 

Pressure 

(mb.) 

Temperature 

(°F.) 

Dew  Point 
(“F.) 

Wind 

Direction 

'O 

0) 

(p 

% 

Ceiling 
(lOO’s  feet) 

Visibility 

(Miles) 

Present 

Weather 

0330 

0 

1020.2 

-35 

-41 

C 

UNL 

13 

02 

0630 

10 

1018.7 

-35 

-41 

C 

090 

10 

03 

0930 

Dl 

1012.6 

-31 

-37 

c- 

080 

13 

02 

1230 

m 

1008.3 

-26 

-32 

c 

UNL 

10 

76 

1530 

-27 

-32 

c 

UNL 

13 

02 

1830 

3 

998.9 

-22 

-27 

NE 

2 

UNL 

13 

02 

2130 

10 

997.1 

9 

3 

70 

006 

0 

39 

5 

0030 

10 

997.6 

5 

sw 

60 

006 

0 

39 

5 

0330 

0 

12 

8 

s 

8 

UNL 

13 

02 

5 

0630 

1005.6 

12 

9 

wsw 

20 

UNL 

10 

36 

5 

0930 

13 

11 

s 

4 

UNL 

13 

02 

5 

1230 

1010.4 

5 

-1 

ssw 

6 

UNL 

13 

02 

5 

1530 

6 

1012.9 

5 

1 

NW 

12 

080 

13 

03 

5 

1830 

4 

1014.2 

4 

-1 

sw 

10 

UNL 

13 

02 

5 

2130 

1015.2 

5 

0 

N 

7 

UNL 

13 

02 

6 

0030 

1016.7 

5 

-1 

s 

2 

UNL 

13 

02 

6 

0330 

1016.8 

1 

-4 

sw 

8 

UNL 

13 

02 

6 

0630 

1016.9 

-14 

-19 

NE 

6 

UNL 

13 

02 

Korlunaloly,  th«*  win<ls  orcurrod  be¬ 

tween  STieee.ssive  l2-hourly  radiosonde  f)l>srrva- 
tions  .SI)  that  a  record  of  meteorological  condi¬ 
tions  aloft  both  before  and  after  the  time  of 
occurrence  is  also  available.  The  soundings  in 
figuri’  a.r)  show  Ibe  characteristic  surface  inver¬ 
sion  prcecding  tin*  oceurrence,  in  this  case  es¬ 
pecially  sharp  hecausc  of  the  influx  of  unusually 
warm  air  aloft,  I'ollowing  the  high  winds,  the 
inversum  is  great  ly  weakened  due  to  a  combina¬ 
tion  of  cooling  aloft  and  warming  at  the  surface, 
1‘  I'om  the  surface  pressure  trace  it  may  be  sur*- 
mised  that  the  upper  cooling  began  at  about  the 
time  of  the  onset  of  the  high  winds.  This  cooling 
could  be  associated  with  an  occlusion  that  ap¬ 
peared  on  earlier  maps  (not  shown),  but  it  is 
possible  that  the  line  of  advance  of  the  colder 
air  w.as  frontogenetical  and  therefore  that  it  di<J 
not  have  logical  continuity  with  the  earlier  front. 
Helativclv  high  moistura  values  in  the  lower 


layer’s  rule  out  the  possibility  of  a  significant 
foehn  influence  and  suggest  instead  the  impor¬ 
tance  of  a  funnoling  effect. 

The  coinridenro  of  the  high  winds  with  the 
start  of  the  surface  pressure  rise  and  the  upper 
level  cooling  is  not  an  uncommon  feature  of  such 
situations  anti  may  be  explained  as  follows.  Prior 
to  the  outbreak  of  the  winds  at  the  surface,  there 
is  much  evidence  that  they  arc  generally  present 
in  the  layers  immediately  above.  Aircraft  taking 
off  or  landing  at  lliis  lime  often  l  eporl  extreme 
turhulencp  in  the  lower  2,000  to  4,000  feet,  and 
sometimes  snow  from  nearby  hills  is  noted  blow¬ 
ing  overhead  at  high  speeds  despite  the  calm  or 
light  winds  at  the  surface.  In  the  case  chosen 
here  for  illustration,  the  preceding  rise  in  wind 
is  suggested  by  the  slow  upward  trend  in  surface 
temperature  which  in  considerable  part  is  j)roba- 
bly  due  to  an  enhanced  turbulent  flux  of  heat 
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downward, 

WhiJr  warm  aclvection  conlinuns  aloft,  tht? 
inversion  remains  strong  and  ('ffccti vely  sisils 
off  the  strong  winds,  l)iit  with  tlio  onset  of  tin*  cool¬ 
ing  the  lapse  rale  ditninishes  and  the  winds  hre.ak 
through  to  the  surfnc  !*,  often  rjuite  violently.  De¬ 
spite  the  overall  cooling,  llic  surface  Icinperalure 
rises  sliarpl^' because  of  the  downwar<l  mixing  of 
potentially  warmer  aii-.  The  preceding  sc*cpH*nee 
of  events  must  not  be  supj)05edlo  Ix'the  fjnly  one 
possible.  On  occasions  the  winds  break  through 
to  the  s\jrf;u  »'  l)eforu  the  upper  cooling,  and  at 
other  times  the  harcjineHo-  rises  for  sevort'il 
hours  before  the  winds  strike. 

The  lac  k  of  a  unicjue  relationship  between 
the  onset  of  the  winds  and  the  upper  cockling  sug¬ 
gests  that  the  foregoing  explanation  may  be  in¬ 
adequate  and  that  other  views  on  the  subject  are 
to  be  encouraged.  In  hilly  and  mountainous  re¬ 
gions  it  might  prove  advantageous  to  regard  the 
high  winds  as  a  form  of  lee  wave.  The  problem 
would  then  bo  treated  in  much  the  same  manner 
as  orographic  turbulcnre,  a  subject  which  wi  1 1  be 
discussed  in  a  later  sec  tion. 
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The  second  case  in  illustration  occurred  at 
Barter  Island,  Alaska,  onjanuary  4  and  5,  1957, 
The  wind,  temperature,  and  pressure  records 
for  this  case  are  shown  in  figure  5.6,  and  the 
surface  synoptic  charts  shortly  after  commence¬ 
ment  of  the  strong  winds  and  at  the  time  of  peak 
velocities  are  presented  In  figures  5.7  and  5.8. 

This  situation  occurred  in  conjunction  with 
the  passage  of  a  deepening  low  pressure  system 
and  its  associated  cold  front  along  the  northern 
coast  of  Alaska.  Prior  to  the  passage  of  the  cold 
front  winds  were  light,  easterly.  Winds  shifted 
to  westerly  behind  the  cold  front  and  at  first  re¬ 
mained  light.  After  several  hours  had  elapsed, 
the  wind  speed  Increased  rapidly,  in  part  be¬ 
cause  of  destabilization  of  the  lapse  rate  by  cool¬ 
ing  aloft  and  in  part  because  of  an  increase  in 
pressure  gradient  which  forced  the  air  to  strike 


the  Brooks  Range  at  a  critical  angle.  Unlike  the 
previous  case  the  temperature  declined  even 
during  the  period  of  maximum  winds,  the  cooling 
by  advectlon  evidently  outweighing  the  warming 
by  turbulent  mixing. 

The  occurrence  of  abnormally  strong  winds 
at  Barter  Island  has  been  successfully  explain¬ 
ed  by  Dickey  [1]  as  a  consequence  of  a  funneling 
of  the  air  currents  about  a  prominence  in  the 
Brooks  Range  to  the  south.  This  fiumellng  is 
most  pronounced  when  the  surface  winds  are 
parallel  to  the  coast,  in  either  direction,  and 
causes  the  surface  wind  to  be  about  50  percent 
greater  than  the  geostrophic  wind  and  60  to  70 
percent  greater  than  the  undisturbed  surface 
wind  upstream.  By  treating  the  Brooks  Range 
in  the  viciiiity  of  the  station  as  a  cylindrical  ob¬ 
stacle  to  the  flow,  Dickey  has  been  able  to  re- 


ngurc  5.6.  Time  Graphs  of  Hourly  Obaervatlons  of  Wind.  Temperature,  and  Preeaure  at  Barter  Island  During 
a  Per.od  of  Strong  Weaterly  Wlnda. 
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produce  observed  features  of  the  wind  distri¬ 
bution  through  application  of  classical  hydro- 
dynamic  theory.  Moreover,  the  accompanying 
observed  disturbances  of  the  pressure  field  have 
also  been  reproduced  by  the  theoretical  model. 

The  form  of  the  appropriate  equations  is 
such  that  they  may  also  be  solved  by  means  of 
electrical  analogues.  An  electric  current  is 
passed  through  impregnated  paper  from  which 
the  shape  of  the  obstacle  has  been  cut.  A  volt¬ 
meter  is  then  used  to  determine  the  voltage  at 
different  points  on  the  paper.  Idnes  of  equal 
voltage  are  drawn,  and  lines  orthogonal  to  these 
are  sketched  by  eye.  The  latter  represent  the 
streamlines  of  flow,  and  from  these  the  direction 
and  relative  magnitude  of  the  current  (electric 
or  fluid)  can  be  found,  Miyake  [6)  has  shown  that 
this  method  accurately  predicts  the  wind  dis¬ 
tribution  in  the  vicinity  of  Barter  Island  at  times 
of  strong  winds.  It  is  possible  that  this  method 
would  also  explain  strong  winds,  falsely  labelled 
as  katabatic,  at  other  arctic  sites, 

5.1.4  Forecasting  of  Strong  Winds 

Because  of  the  local  nature  of  these  winds, 
it  is  not  possible  to  set  down  general  forecast 
rules  that  will  apply  at  all  stations.  However, 
as  has  been  stressed  repeatedly,  a  well  devel¬ 
oped  pressure  gradient  appears  to  be  the  com¬ 
mon  denominator  in  strong  wind  situations,  and 
it  is  usually  possible  to  find  a  pressure  differ¬ 
ence  between  two  stations  in  the  area  that  will 
serve  as  a  critcrionfor  forecasting  both  the  on¬ 
set  of  the  winds  and  the  probable  peak  velocity 
or  peak  gust.  The  problem  therefore,  reduces 
tooncof  forccastingn  specific  pressure  gradient 
in  the  vicinity  of  the  station  in  question. 

Frequently  the  pressure  prognostication  is 
hancilcil  simply  by  noting  characteristic  pressure 
patterns  that  arc  known  to  be  associated  with  the 
outbreak  of  high  winds.  Strictly  speaking,  such 
a  procedure  does  not  entail  a  prognostication  but 
involves  a  simultaneous  relationship.  However, 
at  many  stations  there  is  often  sufficient  delay 
between  the  establishment  of  the  pressure  gra¬ 
dient  and  the  onset  of  the  winds  to  derive  some 
usefulness  from  this  approach. 

Short-range  forecasts  may  also  be  based 
on  various  local  Indications.  Lenticular  clouds 
often  foreshadow  strong  wind  occurrences  at 
localities  subject  to  the  foehn-type  wmd.  Blow¬ 
ing  snow  on  nearby  ridges  warn  of  the  possible 
presence  of  a  fast  moving  current  a  short  dis¬ 
tance  above  the  ground.  Pilot  reports  of  severe 
turbulence  in  the  near -ground  layers  likewise 


serve  as  a  danger  signal. 

Perhaps  the  most  sophisticated  methods  of 
handling  the  problem  of  strong  wind  forecasting 
have  been  developed  by  forecasters  at  Thule, 
Greenland.  We  conclude  this  section  with  a  brief 
review  of  these  techniques. 

The  first  step  in  the  forecast  involves  a 
classification  of  the  pressure  pattern.  If  the 
situation  falls  within  one  of  four  specified  types, 
then  it  is  a  potentially  dangerous  one  in  regard 
to  high  winds,  and  further  steps  must  be  taken. 
The  exact  nature  of  these  steps  differs  according 
to  which  of  the  four  types  is  present.  We  shall 
consider  only  the  additional  measures  taken 
with  what  is  termed  Type  I  --a  low,  attended  by 
a  cold  front,  which  enters  Davis  Strait  from  the 
south  through  west  and  moves  northward  toward 
Thule. 

The  second  step  is  to  determine  whether  or 
nol  Ihe  low  will  pass  Thule.  This  is  done  by  con¬ 
sidering  a  combination  of  700-mb,  height  differ¬ 
ences  in  the  vicinity  of  Baffin  Bay,  If  a  certain 
critical  number  is  exceeded,  the  low  is  forecast 
to  pass  the  station.  Of  the  lows  which  pass  the 
station  only  those  which  pass  to  the  west  bring 
strong  winds.  To  judge  which  side  the  low  will 
pass  on,  the  1000-to  500-mb.  thermal  wind  is 
used  as  a  predictor. 

The  700-mb.  height -difference  index  men¬ 
tioned  previously  has  been  found  to  be  well  cor¬ 
related  witli  the  speed  of  the  low,  and  a  scatter 
diagram  has  been  prepared  which  gives  the  speed 
corresponding  ton  given  value  of  the  index.  This 
diagram  aids  in  the  prediction  of  the  onset  of  the 
winds;  moreover,  it  provides  a  means  of  pre¬ 
dicting  the  peak  gusts  since  these  are  found  to 
average  100  percent  greater  than  the  average 
velocity  of  the  low  center  from  65*  N.  to  Thule, 

After  the  cold  front  passes  Upernavik,  the 
wind  forecast  is  modified  by  means  of  a  further 
scatter  diagram  relating  the  peak  gusts  to  the 
maximum  sea  level  pressure  difference  between 
Upernavik  and  Thule. 

From  the  physical  standpoint  the  foregoing 
procedures  are  not  satisfying,  since  it  appears 
that  the  predictors  have  been  selected  more  on 
the  basis  of  empiricism  than  physical  under¬ 
standing.  However,  until  the  origin  of  the  strong 
winds  Is  better  understood,  the  empirical  ap¬ 
proach  i®  the  only  one  available,  and  the  tech¬ 
niques  used  at  Thule  may  prove  to  be  valuable 
guides  in  setting  up  similar  schemes  at  other 
stations  affected  by  such  winds. 
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Further  Remarks  on  Wind  Forecasting 

Our  remarks  so  far  have  pertained  only  to 
the  forecasting  of  abnormal  winds  connected  with 
terrain  influences.  The  more  general  problem 
of  forecasting  upper-level  winds  and  surface 
winds  without  pronounced  topographical  compo¬ 
nents  will  be  considered  only  briefly,  since  this 
problem  is  handled  much  the  same  in  the  Arctic 
as  in  middle  latitudes. 

The  current  and  prognostic  surface  and 
upper-level  charts  are  the  rhain  tools  used  in 
the  routine  wind  forecasts.  At  upper  levels  the 
velocity  can  usually  be  estimated  with  sufficient 
accuracy  by  use  of  the  geostrophic  wind  scale. 
At  the  Surface,  it  is  often  necessary  to  allow  for 
the  effect  of  the  curvature  of  the  isobars  in  de¬ 
termining  the  gradient  wind.  Moreover,  the  re¬ 
duction  in  speed  due  to  friction  and  the  angular 
deviation  between  actual  and  gradient  wiiidsmust 
be  considered. 

In  practice  these  factors  are  often  taken  ac¬ 
count  of  simply  by  extrapolation  of  current  con¬ 
ditions,  If  this  is  not  feasible,  a  gradient  wind 
scale  can  be  applied  to  the  prognostic  chart  and 
the  resulting  wind  modified  to  allow  for  friction. 

The  frictional  influence  varies  with  locality 
and  season.  For  wind  speeds  greater  than  4  knots 
the  surface  wind  speed  in  winter  is  about  30  to 
^>0  p(*rcent  of  the  gradient  speed,  and  the  angle 
separating  the  two  winds  averages  approximately 
30®  to  3  5*.  In  summer  the  corresponding  figures 
arc  00  to  70  percent  and  20®  to  25*. 

The  seasonal  differences  arc  a  reflection 
of  the  fart  that  the  frictional  effect  depends  on 
the  static  stability,  and  therefore,  this  offer! 
may  bo  expected  to  be  relate<l  to  the  synoptic 
pattern  as  well.  For  winds  lighter  than  'I  knots, 
effects  hocoinc  important  and  ubscurc  the 
gcostropliic  control. 

5.2  'I>tn})(Mature 

Our  concern  here  is  with  the  short-term, 
nonperiodic  changes  of  temperature  which  are 
often  of  Importance  in  forecasting,  eitlier  be¬ 
cause  of  the  direct  effect  of  temperature  on  vari¬ 
ous  operations  anil  activities,  or  because  of  the 
connection  of  temperature  with  other  elements 
of  the  forecast  such  as  fog  and  icing.  Though 
large,  rapid  fluctuations  of  temperature  arc  not 
a  dominant  feature  of  the  thermal  regime  of  the 
Arctic,  nevertheless,  they  dooccur  on  occasions 
at  most  seasons  and  localities.  Cold  fronts  mov¬ 
ing  along  the  shfires  of  the  Arctic  Ocean  m  sum¬ 


mer  may  bring  large,  sudden  drops  of  tempera¬ 
ture  in  their  wakes  at  coastal  and  inland  stations. 
In  winter  invasions  of  warm  air  from  the  Atlantic 
may,  in  extreme  instances,  raise  temperatures 
by  as  much  as  40*  to  50*  F,  in  the  vicinity  of  the 
pole.  When  the  flow  of  warm  air  ceases  and  skies 
clear,  equally  drastic  falls  in  temperature  may 
ensue.  Only  over  the  Arctic  Ocean  In  summer, 
when  the  melting  of  the  pack  ice  holds  tempera¬ 
tures  close  to  the  freezing  point,  is  there  an 
absence  of  significant  temperature  fluctuation; 
and  even  then,  as  noted  previously,  it  is  only  the 
layers  immediately  adjacent  to  the  surface  that 
are  so  affected. 

5,2,1  General  Remarks  on  Temperature  Pre¬ 
diction 

The  change  of  temperature  that  is  observed 
at  a  given  spot  may  be  regarded  as  the  sum  of 
two  effects:  (a)  the  transport  of  air  of  different 
temperature  to  the  spot  and  (b)  the  warming  or 
cooling  of  the  air  en  route.  The  first  process  is 
usually  referred  toas  temperature advcction and 
canbe  evaluated  simply  by  displacingair  parcels 
with  the  wind  and  noting  the  differences  between 
the  Initial  and  the  later  temperatures  at  the  end 
points  of  the  trajectories.  An  accurate  wind  fore¬ 
cast  is  obviously  a  prime  requisite  for  a  correct 
prediction  of  the  advectivc  change. 

The  heating  and  cooling  processes  may  be 
conveniently  divided  into  two  categories,  those 
due  to  adiabatic  compression  and  expansion  anil 
those  duo  to  nonadiabalic  or  diabatic  processes; 
that  is,  processes  involving  actual  transfer  of 
heat.  Near  the  surface  adiabatic  heating  is  usual¬ 
ly  negligible  since  it  depends  mainly  on  the  ver- 
tiral  romponcnl  of  motion,  which  is  zero  over 
level  ground.  In  the  free  atmosphere  and  over 
sloping  tenain,  ndinhaiir  efforts  may  hecomc  a 
major  factor  in  temperature  change.  The  foehn 
winds  of  the  Greenland  coast  furnish  an  outstand¬ 
ing  example  of  the  extreme  warming  that  may  be 
brought  about  by  adiabatic  compression.  (Strictly 
speaking,  at  the  coast  itself  the  warming  is  the 
result  of  advection  of  the  foehn  air,  but  the  basic 
cause  of  the  temperature  rise  is  clearly  the  adi¬ 
abatic  compression  that  occurs  along  the  slopes,) 

There  are  a  number  of  nonadiabalic  proc¬ 
esses  which  exert  an  important  influence  on  the 
temperature,  uinong  them  short-  and  long-wave 
radiation,  eddy  and  molecular  heat  conduction, 
evaporation  and  condensation,  and  melting  anil 
freezing.  A  s  a  rule,  several  of  these  processes 
act  simultaneously,  some  processes  predomi¬ 
nating  under  one  set  of  conditions  and  other 
processes  under  a  different  set.  Although  foi- 
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the  sake  of  convenience  the  processes  will  be 
discussed  separately,  it  must  be  borne  in  mind 
that  they  rarely  are  independent  of  one  another. 

The  direct  absorption  of  short-wave  or  solar 
radiation  by  the  atmosphere  is  exceedingly  small, 
leading  to  heating  rates  of  the  order  of  only  a 
fraction  of  a  degree  per  day.  As  a  consequence, 
any  significant  temperature  rise  connected  with 
insolation  must  be  attributed  to  indirect  process¬ 
es  which  transfer  heat  from  the  earth’s  surface 
to  the  atmosphere, 

The  conditions  that  prevail  over  the  Arctic 
are  such  that  in  most  circumstances  even  the 
indirect  heating  effects  are  slight.  Foremost 
among  those  conditions  is  the  high  reflectivity 
or  albedo  of  snow  and  ice  surfaces,  50  percent 
to  80  percent  of  the  incident  radiation  being  re¬ 
flected  from  these  surfaces  without  ever  enter¬ 
ing  into  the  heat  budget.  Duringthe  warm  season 
when  insolation  is  greatest,  the  melting  of  the 
snow  and  ice  reduces  or  prevents  warming  of 
the  air  over  a  substantial  portion  of  the  Arctic. 
On  the  other  hand,  over  continental  portions  of 
the  Arctic  the  snow  cover  disappears  entirely 
in  summer,  and  it  Is  then  possible  for  pronounced 
insolnfional  warming  to  occur,  especially  in  air 
masses  that  migrate  southward  from  the  pack 
ice. 

The  absorption  and  emission  of  long- wave 
radiation  by  the  atmosphere  is  greater  than  the 
absorption  of  short-wave  radiation,  thus  making 
it  possible  to  produce  temperature  changes  of 
the  order  of  2®  to  3®  per  day  or  oven  greater. 
However,  as  in  the  caseuf  solar  radiation,  large 
rapid  teniperature  changes  connected  with  long¬ 
wave  radiation  actually  involve  a  complex  of 
processes  in  which  the  earth’s  surface  plays  an 
inipoi'laiU  role. 

The  s\irfn<T  (whether  covered  by  snow,  ice, 
water,  vegetation,  or  earth  and  rock)  may  he  ron- 
sidered  a  black  body  w-ith  respect  to  long-wave 
radiation;  that  is,  a  body  which  radiates  the  maxi¬ 
mum  possible  amount  of  cncigv  at  these  wave 
lengths.  From  Stefan’s  law,  this  amount  is  known 
to  be  proportional  to  the  fourth  power  of  the  tem¬ 
perature.  The  atmosphere,  on  the  other  hand, 
ahf»<jrbr»  and  emits  srlcrtivelv,  acting  as  a  black 
body  at  certain  wave  lengths  and  being  effec¬ 
tively  transparent  n!  others.  The  principal  ab¬ 
sorbing  gases  are  water  va|)or  and  c.nrbon  di¬ 
oxide. 

normal  temperature  and  moisture  strut  - 
ifications  the  down-rommg  long-wave  radiation 
from  the  nlmosphere  is  less  than  the  emission 


from  the  earth's  surface,  so  that,  asarule,  there 
is  a  net  loss  of  long -wave  radiation  trom  the 
surface.  This  loss  results  in  a  cooling  of  the 
surface  (at  night)  and,  through  heat  conduction 
and  radiative  exchange,  of  the  adjacent  air  strata. 

So  far  in  the  discussion  no  mention  has  been 
made  of  the  effects  of  cloudiness.  Clouds  of  suf¬ 
ficient  depth  behave  as  black  bodies  which  emit, 
bothupward  and  downward,  the  black -body  radi¬ 
ation  appropriate  to  their  temperature.  In  the 
case  of  a  cloud  imbedded  in  an  inversion  layer, 
the  downward  radiation  from  the  relatively  warm 
cloud  will  exceed  the  upward  radiation  from  the 
cold  ground,  and  the  earth’s  surface  will  warm. 
Many  of  the  largest  nonperiodic  temperature 
changes  in  the  Arctic  are  connected  with  changes 
in  cloud  amount.  As  examples  of  the  effect  of 
cloudiness  on  temperature  during  the  polar  night, 
we  present  the  sequences  of  3 -hourly  observa¬ 
tions  in  tables  5,2  and  5.3,  The  characteristic 
warming  with  increased  cloud  cover  and  cooling 
with  clearing  skies  may  he  noted.  The  majority 
of  cases  of  large  temperature  fluctuaion  are  as¬ 
sociated  with  changes  of  wind  speed  as  well,  so 
timt  only  occasionally  can  the  effects  of  cloudi¬ 
ness  be  so  clearly  isolated. 

Molecular  heat  conduction  docs  not  directly 
affect  the  tcmporntiire  at  the  level  of  the  instru¬ 
ment  shelter  but  is  important  in  heat  transfer  at 
the  onrih-atmosplicrc  interface  and  in  the  layers 
immcdialcly  below  the  surface.  It  thus  plays  a 
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riu't'r- Hourly  Syrmptii-  ObHi'rvnltonH  for  Kiirukn  ,  Ivlh*?!- 
nM'r<'  iHlniul,  Novnoher  I  anti  2,  IflfiO,  Showing  Warning 
in  C'onnrction  with  Incronsod  fn]. 


Date 

Hour 

{GCT> 

Sky  Cover 
(Tenths) 

Temperature  1 

Wind  Direction 

Wind  Speed 
(mph) 

1 

0230 

0 

-27 

K  1 

2 

0530 

.3 

-27 

K 

o 

f 

0830 

2 

-24 

v: 

5 

1 

1  1  30 

R 

-21 

v: 

7 

1430 

8 

18 

]■: 

5 

1 

1730 

in 

■  15 

K 

4 

1 

2030 

B 

14 

v: 

3 

I 

2  3,30 

10 

-9 

K 

1 

2 

02  30 

8 

-8 

c 

2 

05  30 

10 

-5 

c 

2 

0830 

10 

-2 

c 

2 

1130 

iO 

-3 

K 

5 

2 

14  30 

8 

-1 

KSK 
_ 1 

4 
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TABLE  5.3 

Three -Hourly  Synoptic  Observations  for  Eureka,  dies 
mere  Island,  December  20  and  21,  1949,  Showing  Cool 
ing  in  Connection  with  Decreased  Cloud  Cover  f9]. 


Date 

Hour 

(GCT) 

Sky  Cover 
(Tenths) 

Temperature 

Wind 

Direction 

Wind  Speed 
(mph) 

20 

1130 

- 1 

10 

-16 

E 

4 

20 

1430 

8 

-16 

SE 

12 

20 

1730 

3 

-17 

E 

5 

20 

2030 

8 

-17 

E 

7 

20 

2330 

10 

-19 

E 

4 

21 

02  30 

6 

-18 

E 

5 

21 

0530 

8 

-19 

E 

2 

21 

0830 

0 

-20 

E 

4 

21 

1130 

0 

-28 

E 

5 

21 

1430 

0 

-30 

E 

4 

21 

1730 

0 

-33 

SE 

4 

21 

2030 

0 

-33 

E 

2 

- 

2330 

0 

-36 

c 

tuajor  l  olc  tn delerminingtiic tcmporatiire of  the 
sur  fac  e  itseif  uud  ilieroby  indireclly  influeru  cs 
tli<'  loinpei'aturc  of  the  overlying  strata*  Snow 
is  n  very  poor  ('onductor  of  heat,  and  it  is  this 
property  which  is  in  port  responsible  for  the  de¬ 
velopment  (if  the  extreme  temperatures  of  the 
arctic*  v/int(*r. 

Away  from  the  earth's  surface,  turbulent 
eddies  arc  far  more  (‘ffeetivo  than  molecular 
motions  in  verlicnily  transporting  heat.  Kxcept 
for  the  comparatively  few  instances  in  which 
thermal  convection  is  present,  the  edcly  motums 
result  from  the  ruhhing  of  the  wind  against  the* 
ground  and  (ihstaclrs;  therefore,  tlie  degree  of 
eddying  dep(M»ds  on  surfnee  roughness,  wind 
.streiigtli,  and  the  l)uoyant  resistance  of  the  nir 
to  vm'tical  displacem«*nt.  The  e<l(ly  heat  con- 
diK’tiim  depc'iids  t)n  the  product  of  thesi-  factors, 
as  expressed  by  a  eoefficient  of  eddy  eondiu't ion, 
and  the  vei  tiral  gradic»nt  of  potential  tempern- 
tui-e. 

In  a  stable  ai mosphe re  the  e<l<lv  heat  trans¬ 
fer  IS  downwarcl,  accounlirig  for  the  often  men- 
lione<l  tendency  f>f  .surfa<  e  temperatures  to  rise 
as  tfie  wln<i  strengthens.  The  surface  tempera¬ 
ture  rise  depicted  in  figure  a,  I  of  the  section  on 
stftuig  winds  IS  no  tlnuht  due,  at  least  in  part, 
t<'  the  eddv  flux  af  heat  downwarrl.  As  the  wind 
dies  <!()wn  the  etidy  conduction  diminishes  and 
heroines  negiigitdc  when  the  wm<i  is  calm. 


Evaporation,  condensation,  melving,  and 
freezing  processes  may  absorb  heat  from  the 
air  or  release  heat  to  it.  As  a  rule  they  are  not 
important  factors  in  short-term  temperature 
changes.  A  notable  exception  to  this  statement 
occurs  in  summer  when  warm  air  masses  from 
the  continents  are  cooled  over  the  melting  pack 
ice  of  the  Arctic  Ocean. 

Our  remarks  so  far  have  applied  to  surface 
temperature  changes.  Aloft,  advection  and  adi¬ 
abatic  heating  or  cooling  (in  association  with 
vertical  motions)  are  the  major  factors  in  pro¬ 
moting  rapid  temperature  change,  and  only  rarely 
will  the  other  processes  be  of  significant  size. 
The  adiabatic  heating  and  cooling  generally  oper¬ 
ate  so  as  to  counteract,  in  part,  the  advective 
temperature  change.  This  is  one  reason  why  the 
local  temperature  change  at  upper  levels  is  char¬ 
acteristically  less  than  is  indicated  by  the  ad¬ 
vection. 

5,2.2  Forecasting  Minimum  Temperature 

It  is  apparent  from  the  foregoing  discussion 
that  the  temperature  change  process  is  so  com- 
pjcxlhal  a  general  attack  onthe  problem  of  tem¬ 
perature  prediction,  cither  from  a  physical  or 
stnl  isticiil  standpoint ,  cannot  be  attempted  at  this 
time.  Ilowirver,  it  is  sometimes  possible  to  de¬ 
vise  a  simplified  aiiproach  ton  particular  aspect 
of  the  })rohlem  and  still  achieve  useful  results. 
An  a)>j)roai)-i  of  tliis  limited  type  has  been  made 
to  the  lu'obhnn  of  minimum  temperature  fore- 
<*asting  at  Fairbanks.  Alaska. 

The  numlierof  paramctoi's  entering  into  the 
problem  are  restricted  first  of  all  by  assuming 
that  thi*  extreme  (-nses  of  Interest  orc'ur  only 
untier  condit  ions  of  light  winds  and  clear  or  nc:ar- 
ly  clear  skies.  Consequently,  the  prediction  dia - 
gram  is  based  on  data  gathered  under  certain 
prescribed  conditions  and  can  be  applied  only 
when  these  ronditiuns  arc  mot. 

It  is  further  assumed  that  under  these  con- 
diticip.s  the  thermal  equilibrium  that  exists  at 
time  of  minimum  temperature  involves  a  balan<'e 
betw<?en  the  incoming  and  outgoing  long-wave 
radiation,  all  other  heal  exchange  processes  be¬ 
ing  negligible,  From  this  it  follows  that  the  min¬ 
imum  temperaliire  is  a  function  of  the  incoming 
radiation  only.  The  latter  (juantity  di’penrls  in  a 
rnrnplicated  manner  on  the  temperature  and 
moisture  fonrJitions  in  the  atmostihere.  but  test¬ 
ing  revealed  that  the  warmest  temperature  in  th<‘ 
free  atmosphere  provided  a  sn< :  sfactory  measure 
<»f  the  flowrrward  radiative  flux.  Thus,  the  value 
of  this  temperature  at  1  700  local  time  was  chosen 
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as  one  predictor  for  the  diagram.  The  1830  local 
surface  temperature  was  selected  as  a  second 
predictor. 

The  object  forecast  diagram  prepared  from 
these  predictors  is  shown  In  figure  5.9.  Themin- 
imun  temperature  decreases  with  decreasing 
initial  temperature  and  decreasing  maximum 
free  air  temperature.  The  departure  of  individ¬ 
ual  values  from  the  smoothed  analysis  are  rather 
small,  and  preliminary  application  to  Independ¬ 
ent  data  has  given  encouraging  results. 

In  using  a  simple  aid  of  the  foregoing  type 
one  is  always  faced  with  the  difficulty  of  decid¬ 
ing  whether  the  meteorological  conditions  under 
which  it  m4iy  be  applied  will  persist  throughout 
the  forecast  period.  Despite  this  shortcoming, 
the  diagram  calls  attention  to  factors  that  might 
otherwise  pass  unnoticed,  and  insures  that  the 
prediction  of  the  quantity  in  question  Is  consist¬ 
ent  with  the  overall  forecast.  These  advantages 
are  sufficient  to  justify  the  labor  involved  in  the 
preparation  of  such  n  diagram. 

5,3  Clouds  and  Celling 

5,3.1  Physical  Processes  in  Cloud  Formation 

Wo  shall  not  concern  ourselves  here  with 
the  microscopic  aspects  of  cloud  formation-- 
condensntion  and  sublimation  nuclei  and  the  like 
--but  will  assume  that,  In  general,  cloud  will 
form  when  the  air  becomes  saturated  with  re¬ 
spect  to  water.  At  temperatures  below  freezing 
the  saturation  vapor  pressure  over  supercooled 
wntor  droplets  is  greater  than  over  ice,  so  that 
supersnturation  with  respect  to  Ice  is  not  uncom¬ 
mon,  At  very  cold  temperatures  (-40®  F.  and 
loss)  water  will  generally  pass  directly  from  the 
vapor  to  boliU  pliase. 

In  order  to  saturateair,  either  the  airtem- 
perature  must  be  lowerc<l  to  the  dew  point  by 
some  cooling  process,  or  tlic  water  vapor  content 
must  be  increased  by  the  addition  of  moisture. 
In  the  case  of  tJic  cooling  process,  further  tem- 
perattM'e  decrease  will  lead  to  slight  supersatn- 
ration.and  cloud  droplets  v/ill  condense.  The 
evaporation  })roce‘!s,  however,  cannot  raise  tin* 
the  relative  humidity  above  100  percent  so  that 
although  it  may  coiUribule  to  cloud  formation,  it 
cannot  in  itself  produce  cloud. 

Of  the  several  cooimg  processes  mentioned 
in  the  sectiim  on  temperature  change,  only  two 
are  of  importance  in  the  actual  generation  of 
cloud:  adiabatic  <  oolmg  and  cooling  due  to  vor¬ 
tical  mixing.  Other  processes  such  as  long -wave 


radiation  may  increase  the  relative  humidity  of 
moist  air,  thereby  hastening  condensation,  or 
may  thicken  clouds  once  they  have  formed,  but 
as  a  rule  they  will  not  be  critical  factors  in  cloud 
formation.  Next  to  the  ground  these  processes 
are  of  primary  importance  in  initiating  conden¬ 
sation;  but  here  the  result  is  fog,  not  cloud. 

It  is  convenient  to  consider  the  various  cloud 
types  and  patterns  in  relation  to  the  scale  or  type 
of  motion  involved  in  their  formation.  In  the  dis¬ 
cussion  which  follows  we  shall  distinguish  five 
categories:  (a)  large-scale  upglide,  (b)  convec¬ 
tive  updraft,  (c)  turbulent  mixing,  (d)  a  combi¬ 
nation  of  convection  and  mixing,  and  (e)  oro¬ 
graphic  uplift. 

The  large-scale  upglide  motions  occur  most 
commonly  on  the  forward  side  of  the  baroclinic 
or  wave  disturbances,  the  familiar  cyclonic 
storms  of  middle  latitudes.  The  vertical  motions 
are  of  the  order  of  1  to  10  centimeters  per  sec¬ 
ond,  and  the  adiabatic  cooling  of  the  rising  air 
masses  causes  cloud  to  condense  in  the  classical 
sequence  of  cirrus  and  cirrostratus,  lowering  to 
altostratus  and  altocumulus,  and  then  to  nimbo- 
stratus.  The  arctic  disturbances  described  in 
section  3,1  of  chapter  3  appear  to  have  this  char¬ 
acteristic  cloud  distribution,  though  there  is  evi¬ 
dence  that  the  different  cloud  types  often  lie  in 
discrete  overlapping  strata  rather  in  a  .single, 
sloping  layer, 

C’onvective  updrafts  occur  on  tlie  scale?  of 
cumulus  cloud  or  thunderstorm  cells  and  arc 
about  one  hundred  times  greater  in  magnitude 
than  the  gentle  upglide  motions  discussed  pre¬ 
viously.  Generally  speaking,  convection  is  poor¬ 
ly  developed  in  the  Arctic,  so  that  niimuliform 
clouds  are  uncommon--cxc?opt  in  summer  fjvcr 
heated  land  masses  and  in  winter  over  open 
bodies  (;f  water.  Occasionally  convection  can 
develop  aloft,  presumably  as  the  result  of  the 
release  of  convective  instability  in  lifted  air 
masses.  On  such  rare  occasions  it  is  not  im¬ 
possible  for  the  convective  activity  to  occur  over 
the  arctic  seas.  In  one  Instancre,  the  Ptarmigan 
Weather  Ileconnaissancc  Flight  cncountcreii  a 
thunderstorm  over  the  Beaufort  Sea  at  a  position 
nearly  300  miles  north  of  the  Alaskan  <‘oast. 
This  case  occurred  in  July  in  a  current  of  warm, 
moist  air  of  Siberian  origin. 

Under  stable  conditions  vertical  mixing 
loads  to  a  downward  transport  of  heat,  and  there¬ 
by  to  cooling  aloft  and  also  condensation,  provid¬ 
ed  that  the  moisture  content  of  the  mixed  layer 
is  sufficiently  high.  The  cloud  formed  in  this 
wav  is  the  dull,  shapeless  stratus  which  is  the 
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characteristic  cloud-form  of  the  Arctic  Basin  in 
summer  and  early  autumn.  The  ultimate  cause  of 
the  stratus  is  the  advection  of  warm,  moist  air 
from  continental  portions  of  the  Arctic.  The 
wind  speed  largely  determines  whether  the  stra¬ 
tus  will  be  elevated,  and  hence  a  true  stratus, 
or  whether  it  will  stay  close  tothe  surface  as  fog. 

Over  the  Arctic  Ocean  the  stratus  is  at  a 
maximum  in  late  August  and  September.  At 
coastal  locations  a  double  maximum  occurs,  one 
in  May  and  a  second  in  October.  In  the  interven¬ 
ing  months  the  frequency  diminishes  slightly  be¬ 
cause  of  the  solar  heating. 

When  a  shallow  convection  exists  in  con¬ 
junction  with  the  mixing.  the  cloud  layer  assumes 
the  sharper  and  more  rounded  outline  of  the 
stratocumuhis  cloud.  This  cloud  occurs  much 
less  frequently  than  the  pure  stratus. 

When  ail'  is  forced  to  rise  over  hill  or 
mountain,  orographic  clouds  may  develop  as  a 
result  of  the  adiabatic  cooling.  Under  certain 
conditions  the  orographic  lifting  gives  rise  to 
very  distinctive  cloud  forms,  as  will  be  discus¬ 
sed  in  the  section  on  turbulence.  Lifting  and 
lieating  by  mountain  slopes  has  a  considerable 
influence  o?i  the  summertime  cumulus  activity 
in  certain  areas,  the  shower-bearing  clouds 
appear  to  form  mainly  over  high  ground. 

5. ,'1.2  ('eiling 

Kor  a  via  t  ion  purposes  the  cloud  base  or  ceil¬ 
ing  is  usually  the  most  important  part  of  the  cloud 
forecast.  In  theory,  it  is  a  relatively  simple 
matter  to  estimate  where  the  cloud  base  will  form 
undi'i'  spceific<i  conditions.  Kowever,  in  practice 
the  basic  parameters  arc  rarely  known  in  advance 
wit!)  sufficient  accuracy  nor  can  they  be  forecast 
easily. 

'rh<’  bases  of  cloutls  eonno<*tc<l  with  large- 
scale  uj>gli(le  cun  be  determined  from  a  knowl- 
i'dge  of  the  moisture  distribution  by  displacing 
parc'ols  ufc.vard  foHowsng  t,hc  dry  ndiabatics  on  a 
tliri  nuuiynami<'  <liagrain  and  noting  the  conden¬ 
sation  levels  (I.C'L),  The  same  approach  is  also 
used  in  detrrnuning  the  height  of  ('ro^grr.piiir 

t’nnve<  ti VC  cloud  bases  lie  near  the  convec¬ 
tive  ••ondcns.it ion  level  ((*(’L)  if  the  eunvection 
«'f  »«>  file  grounti.  'j  he  itien  ot  the 

mixing  I  iind«*nsat!(u)  level  (MC’L)  may  he  used  to 
estimate  !  he  probable  height  at  which  st  rat  us  vvi  II 
apl'e.'ii  ,  I'or  details  concerning  the  varmus  lov- 
el  s  .  t  tic  reader  5  refrrrt*^!  ton  slanda  rrl  text  such 


as  Volume  11  of  Petterssen  [8J. 

5.3.3  Forecasting  of  Clouds  and  Ceiling 

It  would  be  nice  if  the  foregoing  physical 
principles  could  be  used  in  predicting  cloud  dis¬ 
tribution  and  height,  but  to  apply  them  it  is  nec¬ 
essary  to  Icnow'  the  moisture  distribution,  the 
field  of  vertical  motion,  and  the  degree  of  mixing. 
Of  these  factors  only  the  moisture  is  known  with 
any  precision  at  the  beginnii%  of  the  forecast 
period  and  none  are  accurately  known  at  the  end, 
though  a  promising  start  on  vertical  velocity 
prediction  has  recently  been  made  by  the  Joint 
Numerical  Weather  Prediction  Unit,  Conse¬ 
quently,  in  forecasting  cloud  type  and  ceiling, 
it  usually  is  necessary  for  the  forecaster  to  fall 
back  on  his  two  old  standbys--extrapolation  and 
statistical  methods. 

Extrapolation  usually  involves  displacing  the 
cloud  patterns  with  the  pressure  system,  making 
allow’ances  for  deepening  and  filling  and  for  local 
effects.  Statistical  methods  range  all  the  way 
from  empirical  rules,  handed  down  by  experi¬ 
enced  forecasters,  to  prediction  diagrams  in 
whit^h  past  data  are  analyzed  cither  graphically 
or  statistically  to  obtain  rclationshif)S  between 
selecteil  variables. 

Where  observations  are  scarce,  the  fore¬ 
caster  often  resorts  to  models  of  cloud  disti'i- 
bution  in  filling  in  the  cloud  cover.  The  Bjorknes 
or  Norwegian  cyclone  model  is  the  best  known 
of  these  models  and  probably  providCvS  a  useful 
estimate  of  the  cloud  distribution  in  arctic  sys¬ 
tems  that  possess  distinct  fronts  of  appreciable 
depth. 

Up  to  the  present,  to  the  writer's  knowledge, 
no  objective  diagrams  for  jiredicting  ceiling 
height  have  been  prepared  for  arctic  stations. 
However,  various  rules  of  thumb  dealing  with 
important  local  problems,  such  as  the  forecast¬ 
ing  of  summer  stratus  at  Narsarssuak,  are  con¬ 
tained  in  station  manuals. 

.5.-1  Precijjitation 

5,4,1  Genera]  Hemarks  on  Prccipitaticin 

In  <»rdrr  for  clouds  to  precipitate  it  is  nec¬ 
essary  for  many  small  cloud  droplets  to  c-ollect 
together  into  larger  drops.  Two  processes  are 
re<'ogni/-eri  as  being  of  iinporiiim  e  in  the  forma¬ 
tion  of  precipitation  elements:  (a)  the  collection 
<){  moisture  by  ire  nuclei  in  supercooled  crlouds 
and  (b)  the  ronlescrnce  of  dr<»p!ets  of  flifferent 
size  rhie  to  the  different  rates  of  f.'iil. 
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The  details  of  the  precipitationprocess  are 
of  special  interest  to  the  cloud  physicist,  but  are 
usually  not  regarded  as  vital  to  the  central  fore¬ 
cast  problem  of  when  and  where  precipitation  will 
fall  and  in  what  amount.  Just  as  it  is  reasonable 
to  assume  that  cloud  will  form  when  the  relative 
humidity  reaches  100  percent,  whatever  the  mi¬ 
cro-processes  involved,  so  it  is  probably  also 
safe  to  assume  that  precipitation  will  fall  from 
the  cloud  in  rough  proportion  to  the  rate  at  which 
water  vapor  condenses  in  the  cloud.  From  this 
point  of  view  the  precipitation  problem  may  be 
regarded  as  an  extension  of  the  problem  of  cloud 
formation  and.  therefore,  may  be  approached  in 
much  the  same  manner* 

In  regions  of  large-scale  upglide,  precipi¬ 
tation  is  normally  light  and  continuous.  Snow, 
of  course,  is  the  most  common  precipitation 
form  at  high  latitudes.  However,  rain  may  fail 
in  any  part  of  the  Arctic  in  mid-suminer--even 
at  the  pole--and  may  fall  in  outer  portions  of  the 
Arctic,  which  border  on  the  open  seas,  in  any 
month.  During  the  cold  season  the  border  areas 
are  also  sitsreptible  to  infrequent  occurrences 
of  freezing  rain. 

'I‘he  area  encompassed  by  precipitation  is, 
of  course,  smaller  than  that  covered  by  cloud. 
I’art  of  the  cloud  shield  is  loo  high  and  thin  to 
precipitate  to  tlic  earth.  Moreover,  the  clouds 
may  spread  out  horizontally  beyond  the  region 
of  upglido,  wliilc  ilic  area  of  precipitation  must 
remain  (lose  tothe  region  of  most  active  upward 
mot  ion. 

Showers  will  nearly  always  fall  from  the 
deeper,  more  vigorous  convective  cells.  These 
(Irvc'lop  j)rttnarily  in  summer  over  continental 
areas,  especially  where  aidedby  the  topography. 
•Snow  show(*rs occur  with  relatively  flat  cumulus 
or  stralocumuUis  in  cold  air  masses  that  move 
across  open  water.  Along  the  eastern  shore  of 
Ihalson  Bay  a  substantial  snowfall  results  from 
such  slmwers  in  N'ovesnher  before  the  bay  freezes 
over.  Snow  flurries  may  occur  during  the  cold 
season  downwiiid  frotn  open  leads  in  tiie  park  ice 
of  th.e  nrrtic  sc.ts. 

Convection  is  occasionally  Strong  enough  in 
sum mer  to  initiate  fhunrlerstnrm  activity  in  areas 
snutii  of  V .S*  cxccpt  ovcr  and  adjacent  to 

(ireenland.  Over  interior  lowlands  it  appears 
that  these  thunderstorrrs  may  occasionally  be  of 
the  airniass  type,  Mowev*'r,  many  thunderstorms 
in  iv.'th  Alaska  and Sibci  ia  develop  in  the  vicinity 
of  topographic  features  so  that  it  is  likely  that 
orogi  aphir  uplift  is  also  a  fat  tui  in  their  infor¬ 
mation. 


As  pointed  out  in  chapter  3,  and  elsewhere, 
cyclonic  disturbances  with  strong  cold  fronts 
frequent  the  belt  near  the  Arctic  Circle  in  sum¬ 
mer,  A  certain  percentage  of  the  arctic  thunder¬ 
storms  are  connected  with  these  synoptic  fea¬ 
tures,  and  it  is  safe  to  say  that  the  rare  thunder¬ 
storms  that  occur  over  the  Arctic  Ocean  in  sum¬ 
mer  must  all  be  attributed  to  the  presence  of 
storms  or  fronts. 

Mixing  processes  usually  are  not  strong 
enough  to  cause  precipitation  from  the  charac¬ 
teristic  stratus  of  the  arctic  summer.  On  the 
occasions  when  precipitation  is  observed  from 
the  stratus,  it  is  in  the  form  of  drizzle. 

The  orographic  influence  is  most  pronounced 
along  the  fringes  of  the  Arctic  where  mountain 
or  ice  barriers  intercept  maritime  air  currents. 
Thus,  the  windward  slopes  of  the  coastal  ranges 
of  Alaska  receive  hugh  yearly  precipitation  a- 
mounts,  and  large  amounts  also  are  measured 
along  the  south  coast  of  Greenland.  In  areas 
sheltered  by  mountains,  such  as  the  region  about 
Anchorage,  Alaska,  the  precipitation  can  be  sur¬ 
prisingly  small  when  compared  to  nearby  exposed 
areas. 

Orographic  features  can  also  cause  marked 
abnormalities  in  the  precipitation  distribution 
with  respect  to  the  synoptic  pattern.  At  Thule, 
Greenland,  the  northeast  quadrant  of  n  low  is 
generally  free  of  precipitation,  and  sometimes  of 
cloud,  evidently  because  of  downslope  flow. 

rhe  importance  of  elevated  terrain  in  sum¬ 
mertime  shower  and  thunderstorm  activity  has 
already  been  mentioned. 

5,4.2  Snowfall 

In  some  ways  the  prediction  of  snowfall  is 
a  lesser  headache  to  the  arctic  forecaster  than 
to  the  forecaster  in  more  southerly  latitudes. 
The  dec  j  sion  as  to  whether  expected  jircclpitation 
will  bo  in  the  form  of  rain  ur  snow  is  seldom  as 
difficult  at  high  latitudes,  and  the  depth  of  snow 
that  can  fall  in  any  one  storm  is  usually  much 
less.  The  foregoing  remarks  apply  to  the  Arctic 
as  a  whole.  In  certain  areas  of  the  subarctic-- 
snuthern  Alaska,  the  Aleutians,  K.amchatka, 
southem  G rcenland ,  and  l^c.bratior  to  mention 
few- -the  problem  ran  at  times  be  acute. 

Within  the  inner  Arctic,  yearly  precipitation 
(rainfall  plus  water  equivalent  of  snow)  amounts 
to  about  *4  inches,  the  major  part  of  which  mmes 
in  summer.  From  this  it  is  apparent  that  snow¬ 
fall  is  usually  very  light  in  winter,  almost  nl- 
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ways  less  than  1  inchin  a  single  fall.  At  the  end 
of  the  accumulation  season  the  snow  cover  usually 
averages  only  about  I  foot.  Much  ofthe  summer 
precipitation  comes  as  rain,  but  well  to  the  north 
snowstormsare  possible  in  any  month  and  during 
the  warmer  months  may  bring  heavy  falls.  The 
greatest  snowfall  on  record  appears  to  be  a  depth 
of  20  inches  in  24  hours  measured  close  to  the 
North  Pole  at  the  Russian  drifting  station.  North 
Pole  1, 

5.4.3  Forecasting  Precipitation 

As  with  cloud  forecasting,  the  use  of  models 
and  extrapolation  procedures  are  standard  tech¬ 
niques  in  precipitation  forecasting  and  require 
no  elaboration  here.  Physical  and  statistical 
approaches  to  the  precipitation  prediction  prob¬ 
lem  have  also  been  devised  but  as  yet  have  not 
been  applied  to  the  arctic  region. 

Under  certain  simplifying  assumptions,  a 
quantitative  expression  may  be  derived  relating 
the  precipitation  rate  to  the  moisture  distribution 
and  vertical  velocity.  Difficulties  in  measuring 
and  predicting  vertical  velocities  have  prevented 
the  use  of  the  physical  approach  up  to  now,  but 
with  the  development  of  numerical  weather  pre¬ 
diction  those  difficulties  arc  being  overcome, 
and  it  is  possible  that  quantitative  estimates  will 
1)0  available  in  the  near  future. 

Slat  ist  ical  techniques  for  forecasting  the  oc  - 
curronoe  or  nonoccurronce  of  precipitation  and 
iho  probable  amount  have  been  developed  for  a 
nijinber  of  middle-latitude  stations.  No  doubt 
similar  tecliniques  could  be  used  in  the  Arctic, 
A  more  detailed  discussion  of  methods  of  quan¬ 
titative  pi’ccli)itation  forecasting  is  found  in 
Volume  II  of  UctU’rssrn  18|. 

In  predicting  snowfall  it  is  advisable  tn  es- 
{•mr.ti^  till-  waier  equivalent  and  convert  to  snow 
depth.  A  ratio  of  ICl  inches  of  snow  to  I  inch  of 
water  is  a  suitable  average  figure.  Of  course, 
in  many  instances,  the  main  problem  is  to  decide 
whether  the  precipitation  will  be  in  the  form  ol 
ram  or  snow.  The  0®  C',  isotherm  is  the  critical 
factor  in  this  respect  and,  because  of  the  possi¬ 
bility  Ilf  shnlU-.w  surface  inversions,  it  in  better 
to  liase  the  decision  on  the  predicted  tempera¬ 
tures  at  the  fioO-rnb.  level  rather  than  tin  surface 
te  mperatu  res. 

When  above-freezing  tempernTures  are  in¬ 
dicated  aloft  but  the  cold  film  is  predicted  to 
persist  at  the  surface,  a  forecast  of  freezing  rain 
IS  in  ordri'. 


The  subject  of  ice  crystal  haze  will  be  dis¬ 
cussed  in  the  section  on  visibility,  though  strictly 
speaking  it  should  be  included  under  precipita¬ 
tion, 

5.5  Visibility 

5.5.1  General  Remarks 

The  arctic  atmosphere  is  relatively  free  of 
impurities  so,  in  the  absence  of  falling  or  sus¬ 
pended  condensation  products,  visibilities  are 
characteristically  high  in  polar  regions.  More¬ 
over,  unusual  optical  effects  caused  by  the  bend¬ 
ing  ol  light  rays  under  the  arctic  inversion  may, 
on  occasion,  lead  to  abnormal  extensions  of  the 
visual  range.  Our  concern  here,  however,  will 
he  with  conditions  which  reduce  or  restrict  visi¬ 
bility,  of  which  fog,  ice  fog,  and  falling  and  blow¬ 
ing  snow  are  generally  regarded  as  the  most  sig¬ 
nificant  in  the  regions  to  be  considered. 

In  addition  to  conditions  of  low  visibility, 
the  arctic  forecaster  must  occasionally  contend 
with  a  strange  phenomenon  known  ns  the  “arctic 
whiteout",  wlienlhe  visibility  is  in  a  sense  inde¬ 
terminate,  Tins  condition  occurs  when  the  sky 
ami  landscape  become  uniformly  white.  The  lack 
of  contrast  between  objects  both  near  and  far 
effectively  reduces  the  visibility  to  near  zero, 
though  a  black  object  introduced  on  the  scene 
would  be  discernible  at  a  great  Uislui.»ce. 

5.5.2  I'og 

IJncier  this  topic  we  shall  consider  only  water 
fogs,  leaving  for  separate  discussion  the  subject 
of  ice  fog.  At  least  four  of  the  rec  ognized  types 
of  fog  arc  observed  in  the  Arctic--adveciion. 
radiation,  upslope,  and  steam  fogs.  Of  iheso, 
advcclion  fog  is  of  grc*.j1est  important  e  since  it 
affects  large  areas  and  often  leads  to  very  low 
visibilities.  It  is  primarily  n  summortinicphe- 
nomcnon  and  occurs  wherever  warm,  moist  air 
blows  over  a  cold  surface  and  be^'omes  cooled 
below  its  dow  point.  Winds  must  also  be  light 
or  else  the  fog  is  lifterl  and  transformed  into  a 
stratus  layer. 

Advoction  fog  is  parlit  iilarly  prevalent  over 
the  arctic  sens  during  the  nionllis  of  .July,  August, 
and  September.  It  forms  when  warm,  moist  air 
of  more  southerly  origin  blows  into  the  Polar 
Rasin.  The  fog  dissolves  rapitlly  in  return  cur¬ 
rents  that  are  he.atrd  over  lantl. 

The  characicristics  of  the  summer  advcction 
fog  over  the  pat  k  ice  have  boon  studietl  extensive  - 
ly  for  the  summers  of  1P57,  1058,  and  1050  by 
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Hansen  (2],  using  data  from  drifting  stations 
Alpha,  Bravo  (T-3),  andCharlie.  Forthesesta- 
tions  und  years  fog  occurred  on  3  percent  of  all 
obser\*aLions  in  May,  10  percent  in  June,  15  per¬ 
cent  in  July,  2  5  percent  in  August,  and  7  percent 
in  September,  As  a  result  of  variations  in  circu¬ 
lation  patterns  and  station  locations,  large  year- 
to-year  variations  in  fog  frequency  were  ob¬ 
served  in  any  month.  During  the  months  of  July 
and  August  no  evidence  of  a  diurnal  variation  in 
fog  frequency  was  noted. 

Fog  was  most  frequent  over  the  pack  ice  at 
temperatures  close  to  freezing  and  at  pressures 
that  were  in  the  range  of  1000  to  1030  mb.  At 
pressures  lower  than  1000  mb,  the  typical  low- 
level  temperature  inversion  was  generally  ab¬ 
sent,  andfog  was  rare.  At  extremely highpres- 
sures  the  inversion  was  well  developed,  but  due 
to  strong  subsidence  relatively  dry  air  was 
present  very  close  to  the  surface.  Because  of 
the  homogeneity  of  the  surface  the  frequency  of 
occurrence  of  fog  was  little  affected  by  wind  di¬ 
rection,  showing  only  a  slight  decrease  in  fre¬ 
quency  for  northwesterly  winds.  As  would  be 
expected  fog  was  most  frequent  at  light  wind 
speeds.  Not  a  single  case  was  recorded  at  speeds 
of  20  knots  or  greater. 

At  coastal  and  insular  stations  the  summer 
advcction  fogs  show  a  distinct  diurnal  cycle,  with 
maximum  occurrence  in  early  morning  and  mini¬ 
mum  in  early  afternoon.  The  fogs  at  these  sta¬ 
tions  should,  therefore,  he  classified  as  combinetl 
raciiation-a<ivection  fogs, 

hadiation  fog  is  local  in  nature,  being  re¬ 
stricted  mainly  to  inland  valleys.  It  is  generally 
of  short  duration  and  is  most  likely  to  occur 
during  the  months  with  above  freezing  tempera - 
tiircs.  Because  of  the  difference  in  vapor pres- 
sureoverice  and  overwater  n  snow  cover  tends 
to  dissij>ate  or  inliibit  the  formation  of  radiation 
and  other  water  fogs,  so  that  below  the  freezing 
point  the  frequency  of  fog  diminishes  with  tic- 
creasing  temperature  unlil  the  critical  tempera¬ 
tures  for  the  formation  of  ice  fog  are  reached  (B|. 

Dpslopc  fog  occurs  where  the  air  is  lifleti 
over  sloping  terrain  and  may  hv  regarded  ns 
either  a  cloud  or  fog,  depending  on  the  point  of 
view  of  the  observer.  Expeditions  to  the  interior 
of  Greenland  frequently  report  upslope  fog,  usu¬ 
ally  in  conjunction withprecipitation  (11-Vol.  Ij. 

Steam  fog,  or  arctic  sca-sinoke,  is  often  re¬ 
garded  more  as  a  curiosity  than  as  a  serious  im¬ 
pairment  to  visibility.  However,  it  may.  under 
certain  circumstances,  become  quite  dense  and 


persistent  and  present  a  hazard  to  both  shipping 
and  aircraft  operations.  Steam  fog  develops  when 
very  cold  air  blows  over  open  water,  thereby 
promoting  a  rapid  transfer  of  heat  and  moisture 
from  the  water  surface  to  the  air.  The  heating 
from  below  produces  a  unstable  lapse  rate  and 
associated  small-scale  convective  eddies  which 
carry  the  warm,  moist  surface  strata  aloft  where 
they  mix  with  the  cold,  dry  air  above.  The  first 
result  of  the  mixing  is  to  produce  condensation 
in  the  form  of  fog,  but  with  further  mixing  of  the 
dry  air  the  fog  dissolves. 

As  a  rule,  then,  the  fog  appears  as  wisps  of 
smoke  emanating  from  the  sea  surface.  How¬ 
ever,  if  a  strong  inversion  is  present  the  upward 
mixing  is  confined  to  a  relatively  shallow  layer, 
within  which  the  fog  collects  and  assumes  a  more 
uniform  density.  In  these  circumstances  the  vis¬ 
ibility  may  be  reduced  to  300  yards  or  less. 

Steam  fogs  occur  most  frequently  along  the 
shores  of  open  bodies  of  water  in  fjords  or  inlets 
where  the  water  is  kept  open  by  wind  or  tidal 
action.  Small  patches  of  steam  fog  are  also  ob¬ 
served  during  the  cold  season  over  fresh  lends 
in  the  pack  ice  of  tho  arctic  sous, 

5,f),3  Forecasting  Water  Fogs 

Although  the  prohloin  of  fog  pi*eili('ti()n  is 
often  amenable  to  objective  forecast  methods  of 
the  statistical  lyi)C,  there  have  boon  few  suecress- 
ful  prediction  diagrams  prepared  for  arctic  silos. 
This  may  reflect  a  lack  of  sufficient  effort  in  this 
respect,  or  in  cases  where  attempts  have  been 
maric»  may  mean  that  tho  problem  i.s  often  loo 
rumplex  to  yield  to  crude  or  simple  methods. 
For  instance,  the  ocmirrcnce  of  advection  fog  at 
a  particular  location,  siichas  Thule,  muydepend 
more  on  the  vagaries  of  tlu'  lo<‘al  wind  Iban  on 
the  large-scale  flow  pattc?rn  responbibh*  for 
transporting  the  fog  to  the  g<'nrral  area. 

Hansen  [2]  in  his  study  of  summer  fog  in  tho 
central  Arctic  tlcvised  a  fog  prediertion  diagram 
(fig.  5.10).  apj>licable  to  tho  region  of  the  pack 
ico,  which  promises  to  give  useful  forecasts. 
So  far  the  diagram  has  hcen  tested  only  on  de¬ 
pendent  data,  Inortler  to  use  the  diagram  uj>jjer - 
air  soundings  arc  required.  The  forecast  is  for 
the  18  hours  following  the  time  of  observation 
and  is  in  the  form  of  a  yes  or  no  answer  to  the 
cjuestion  of  whether  fog  (visibility  <3/4  mile)  will 
occur  on  any  3 -hourly  observation  during  the 
period. 

The  steps  in  using  the  rli.^gram  are  rlesfriUerl 
by  Hansen  as  follows: 


DISTANCE  TO  CYCLONE  CENTER  (°LAT.) 
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AVERAGE  DEW-POINT  DEPRESSION  (“C.) 


Fiitlirr  5.10,  Filial  F<»r  prpfJjrtlon  iJiaRram. 


(1)  “Compare  tlie  temperature  at  the  surface 
and  900  millibars.  If  the  900-mb,  level  is 
roUler,  forecast  no  fog.  When  the  surface 
is  colder,  proceed  to  the  next  step. 

(2)  'Measure  the  distance,  in  degrees  of  laii- 
rude.  from  the  station  to  the  center  of  the 
nearest  cyclone.  If  the  station  is  definitely 
vjndcran  anticyclonic  influence,  the  distance 


is  automatically  taken  to  be  14  degrees, 

(3)  ' 'Compute  the  average  dew-point  depression 

in  the  lowest  50  millibars  or  to  the  top  of 
the  inversion,  v/hichever  is  lowest.  (The 
average  temperature  and  dewpoint  can  each 
be  found  by  simple  areal  averaging  -  the 
distance  between  the  two  being  the  desired 
depression.) 
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(4)  “With  the  values  from  (2)  and  (3)  enter  the 
diagram.  If  the  plot  lies  in  a  Yes  or  No  re¬ 
gion,  the  forecast  is  completed.  If  it  falls 
in  the  Possible  area,  proceed  to  step  (5). 

(5)  “Add  the  greatest  dew-point  depression  to 
the  average  depression  of  (3)  and  use  the 
abscissa  of  the  Possible  area  to  make  the 
final  forecast.** 


The  few  cases  of  failure  of  the  method  ap¬ 
pear  to  result  from  changes  in  temperature  and 
moisture  stratifications  during  the  forecast  in¬ 
terval.  Its  general  success  would  seem  to  imply 
that  the  stratifications  do  not,  as  a  rule,  change 
very  rapidly  and  that  the  summer  fog  is  an  er¬ 
ratic  phenomenon  whose  subsequent  probability 
of  occurrence  is  better  related  to  conditions  on 
the  current  sounding  than  to  the  actual  occurrence 


Kip:;ri-  '’.11.  lYr'hrtion  r,f  I>'nnr  Sl^arr.  Fog. 
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or  nonoccurrence  of  fog  at  observation  time. 

The  main  parameters  in  the  prediction  of 
visibility  reduction  due  to  steam  fog  would  ap- 
to  be  the  difference  between  the  saturation  vapor 
pressure  of  the  air  and  the  vapor  pressure  cor¬ 
responding  to  the  temperature  of  the  water  sur- 
faccj  and  the  initial  strength  of  the  inversion* 
A  vapor  pressure  difference  of  5.2  mbs.  has  been 
found  to  be  the  lower  limit  for  thick  or  dense 
fogs, 

A  graph  for  the  prediction  of  dense  steam 
fog,  based  on  the  foregoing  criterion,'  is  pre¬ 
sented  in  figure  5,11.  A  knowledge  of  the  water 
temperature  and  an  estimate  of  the  air  tempera¬ 
ture  are  required  for  use  of  the  graph.  The  wind 
speed  has  been  found  to  have  little,  if  any,  effect 
on  the  formation  of  steam  fog.  When  blown  in¬ 
land  by  the  wind,  the  fog  normally  dissipates 
rapidly, 

b.5.4  Ice  Fog 

ice  fog  is  largely  a  man-made  addition  to 
the  arctic,  scene  and  perhaps  for  this  reason  has 
been  t:ic  object  of  more  intensive  study  than  the 
more  familiar  water  fogs.  From  this  study  much 
is  known  concerning  the  composition  of  ice  fog 
and  its  mode  of  formation,  and  at  least  moderate 
success  has  b<*en  achieved  in  developing  methods 
for  its  prcdiotlon. 

Ice  fog  of  significant  density  is  found  only 
in  the  vicinity  of  human  habitation  where  large 
quantities  of  water  vapor  arc  added  to  the  air 
through  the  burning  of  hydrocarbon  fuels.  Steam 
vents  and  motor  vehicle  and  jet  aircraft  exhausts 
arc  among  tlio  important  sources  of  moisture 
that  can  jiroducc  slinrp  reductions  in  \dsibility  in 
restricted  areas. 

Meteorological  conditions  favoring  the  for¬ 
mation  of  ice  fog  arc  low  temperatures  (usually 
below  -20®  F.  and  preferably  below  -30*  F.)  and 
a  low-level  inversion  that  traps  and  concentrates 
the  moisture  in  a  shallow  layer.  At  the  colder 
temperatures  the  ire  particles  are  found  to  be 
roughly  spherical  in  shape  and  are  believed  to 
be  fornidl  from  the  rapid  frr»n7ing  of  a  cloud 
initially  composed  of  water  droplets. 

5,5.5  The  Prediction  of  Ice  Fog 

The  combustion  of  hydrocarbon  fuels  adds 
heat  and  moisture  to  the  air  in  known  amounts. 

'in  a*  «  nrilHiicr  with  Thr  f*th  r**  vised  cdMKin  of  th<*  "Srnith'i.oni.in 
MpI p'  r  'ioKirfll  Tnhlps.’ '  >  vaI:ip  -*.91  has  hppn-j*^pd 
.  f  'h.p  r.irlipr  vni'-ir  of  S.2  mhs. 


Appleman  [9]  has  shown  that  --  depending  upon 
the  initial  environmental  temperature,  pressure, 
and  relative  humidity  --  the  effect  of  this  addition 
maybe  either  to  raise  or  lower  the  relative  hu¬ 
midity  of  the  environment;  and  for  various  en¬ 
vironmental  conditions  he  has  computed  the  criti¬ 
cal  temperatures  below  which  combustion  will 
lead  to  supersaturation  and  condensation.  The 
computations  are  based  on  the  known  ratio  of 
moisture  emission  to  heat  emission  for  hydro¬ 
carbon  fuels.  For  locations  close  to  sea  level, 
a  coiistantpressure  of  1000  mb,  maybe  assumed 
so  that  the  critical  temperature  will  be  a  function 
of  relative  humidity  (or  dew  point)  only. 

The  critical  temperature,  however,  merely 
serves  as  a  criterion  for  determining  whether 
condensation  will  appear  sometime  during  the 
period  of  mixing  of  exhaust  gas  and  air  and  does 
not,  in  itself,  provide  an  indication  of  the  per¬ 
sistence  of  the  fog.  This  latter  characteristic 
is  determined  by  the  degree  of  mixing,  being 
greater  when  the  mixing  is  small  (but  in  excess 
of  a  certain  minimum),  and  also  by  the  initial 
relative  humidity --which  must  be  equal  to  or 
greater  than  the  saturation  value  with  respect  to 
ice  in  order  for  the  fog  to  endure. 

On  tlie  basis  of  tlio  foregoing  considerations, 
Appleman  has  constructed  Die  ice-fog  prediction 
diagram  shown  in  figure  5,12.  The  diagram  is 
divided  into  four  regions  defined  us  follows; 

I.  Hegion  of  persistent  ice  fog.  This  region  lies 
below  the  crillca)  temperature  curve  and 
within  it  Uie  atmosphere  is  supersaturated 
witli  respect  to  ice. 

II.  Hegion  of  nonpersistent  ice  fog.  This  region 
.ilso  lies  below  the  critical  temperature 
curve,  but  is  nonsaturaled  vvl;!,  respect  to  ice. 

HI.  Region  of  no  Ice  fog.  Combustion  causes  dry¬ 
ing  within  this  region. 

IV.  Hegion  of  no  ice  fog.  Combustion  causes  dry¬ 
ing  and  the  temperature  is  too  high  for  drop¬ 
lets  to  freeze. 

In  order  to  moke  a  prediction,  the  forecaster 
simply  enters  the  diagram  with  the  predicted 
values  of  temperature  and  dewpoint,  and  deter¬ 
mines  the  appropriate  region.  The  success  of 
the  diagram  when  applied  to  dala  for  the  period 
December  1046  through  February  1B4V  at  Fair¬ 
banks,  Alaska,  is  indicated  by  the  dots  and 
crosses  in  the  figures.  A  striking  relationship 
between  the  predicted  and  actual  occurrences  is 
noted. 
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Later  tests  conducted  at  Ladd  Air  Force 
Base,  on  the  outskirts  of  Fairbanks,  showed 
marked  deviations  from  the  earlier  results. 
In  particular,  a  large  number  of  ice  fog  occur¬ 
rences  were  observed  in  Hegion  III,  Since 
Applemon’s  graph  is  based  cn  the  ratio  of  heat 
to  moisture  content  in  the  exhaust  of  Jet  engines, 
sucha  discrepancy  can  be  explained  by  the  pres¬ 
ence  of  some  moisture  source  with  n  lower  heat 
to  moisture  ratio.  The  discharge  from  steam 
plants  is  one  possibility  in  this  respect. 

Because  of  the  foregoing  difficulty  and  the 
additional  fact  that  it  does  not  take  any  account 


of  the  degree  of  mixing,  Appleman's  diagram  is 
perhaps  best  regarded  as  a  useful  guide  In  set¬ 
ting  up  objective  studies  of  icefog.  AtLadu,  the 
available  moisture  depends  so  highly  on  the  de¬ 
gree  of  human  activity  and,  therefore,  on  the  hour 
of  the  day,  that  the  temperature  and  hour  have 
been  used  as  the  sole  predictors  In  deriving  an 
objective  forecast  diagram,  Appleman’s  theory 
would  suggest,  however,  that  the  mixing,  os  de¬ 
termined  by  wind  speed  and  Inversion  strength, 
and  relative  humidity  of  the  environmental 
air  are  also  important  to  the  problem. 

The  frequency  with  which  ice  fog  occurs  at 
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a  specific  arctic  station  is  thus  seen  to  be  a  com¬ 
plex  function  of  temperature,  relative  humidity, 
and  type  and  amount  of  moisture  addition.  On 
the  basis  of  the  climatic  records  alone  it  is  pos¬ 
sible.  with  the  help  of  Appleman’s  diagram,  to 
make  a  reasonable  estimate  as  to  the  maximum 
number  of  days  of  ice  fog  that  can  be  expected 
at  B  given  location.  How  closely  this  figure  con¬ 
forms  to  the  observed  depends  mainly  on  the 
present  level  of  human  activity  at  the  location. 

5.5.6  Blowing  bnow 

At  many  arctic  locations  blowing  snow  is  the 
most  frequent  cause  of  low  visibility.  This  is 
particularly  true  in  winter  when  the  ground  is 
often  covered  with  fresh,  loose  snow  and  other 
factors  in  visibility  reduction,  such  as  fog,  are 
at  a  minimum. 

At  wind  speeds  as  low  as  5  knots  fresh-fall¬ 
en  snow  begins  to  creep  or  drift.  At  speeds  of 
10  to  15  knots  snow  is  swept  into  the  air  in  a 
sufficient  quantity  to  reduce  the  visibility  close 
to  the  ground.  As  the  wind  increases  beyond  15 
knots  the  snow  is  carried  aloft  to  greater  heights 
and  in  greater  amounts  so  that  rapid  deterioration 
of  visibility  results.  Table  5,4  shows  the  average 
relationship  between  wind  speed  and  visibility  at 
Barrow,  Alaska.  Hesolule,  N.w.T.,  Northice, 
Greenland  (elevation,  7,700  foci,  78*  N.  38*  W,), 
Mauctheim,  Antarctica.  Silo  I,  Greenland  (eleva¬ 
tion  3,800  feet,  120  miles  north  of  Thule  Air 
F<>r<’c  Base),  and  Site  (I.  Greenland  (elevation 
fj.flOO  feel,  200  tntles  east  of  Thule  Air  Force 
Base).  I’airly  close  agreement  will  be  observed 
between  values  at  Barrow  and  Hesolute.  The 
stations  in  Greenland  and  Antarctica  all  show 
i.onuHvhat  greater  visibility  reductions  for  the 
sanu’  win*!  speeds, 

I'he  density  of  blowing  snow  decreases  rap¬ 
idly  with  height  in  a  more  or  less  exponential 
manner;  so  that  unless  there  is  an  inversion  |>res* 
ent  which  forms  a  sharp  upper  boundary  to  the 
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Kiguit*  5,13,  lMi)t  of  Visibility  Vri’sii.s  V/intl  .Sp(*i‘cl  for 
narrow,  Alask.'i. 

Iurl)ul('n1  layer,  il  is  difficiill  lodefine  a  cU*jdh  of 
blowing  snow.  Significant  concentrations  proba¬ 
bly  do  notoeetn*  at  heights  of  greater  than  a  few 
hundred  feel,  except  umier  very  strong  winds, 

Althougli  there  is  a  good  ^vcrtijjc  relation¬ 
ship  beiw(.*en  wind  speed  and  visibility  in  blowing 
snow,  wjtle  deviations  from  the  relationship  occur 
in  individual  eases,  as  ran  lie  seen  from  figure 
5.13,  To  understand  why  these  deviations  occur 
it  is  necessary  to  consider  the  mechanism  of 
blowing  snuw  in  greater  detail,  'I'he  amount  of 
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Ctmjp.irifliMi  of  Mcnn  Visibilities  for  5-Knot  InlorvalH  Pt)lnr  Locations. 
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snow  carried  aloft  and  held  in  suspension  depends 
on  three  factors:  (1)  the  supply  or  availability  of 
loose  snow  at  the  surface,  (2)  the  upward  trans¬ 
port  of  snow  by  turbulence,  and  (3)  the  downward 
flux  of  snow  by  gravitational  settling.  Each  of 
these  factors  in  turn  depends  upon  a  number  of 
subsidiary  factors. 

The  supply  of  loose  snow  in  determined  by 
the  nature  of  the  snow  surface  (the  size  and  shape 
of  the  particles,  the  bonding  between  them),  its 
density,  and  even  its  configuration.  Dry,  fresh- 
fallen  snov.'  can  readily  be  carried  aloft,  but  as 
the  snow  ages  the  surface  structure  changes. 
Wind  action  and  gravitational  settling  compact 
the  snow  and  increase  its  density.  The  crystal 
structure  also  is  altered  in  a  manner  and  at  a 
rate  determined  by  wind,  temperature,  and  hu¬ 
midity  conditions.  In  general  a  snow  surface 
hardens  with  time,  thereby  acquiring  the  ability 
to  support  amazing  loads.  Snow  tractors  weigh¬ 
ing  i4  ton.n  have  been  known  to  pass  over  drifts 
3  to  4  feet  deep  aiid  leave  a  depression  of  only 
1  to  2  inches. 

The  shape  of  the  surface  also  undergoes  an 
evolution  with  time,  and  this  may  have  an  effect 
on  the  supply  of  loose  snow.  When  sustained 
winds  i)l<)W  from  a  single  direction,  the  denser 
particles  form  ridges  normal  to  the  wind  direc¬ 
tion.  The  lighter  particles  settle  into  the  troughs 
between  the  ridges  where  they  are  sheltered  from 
the  wind  and  consequently  nrc  no  longer  borne 
aloft. 

The  amount  of  snow  transported  upward  from 
the  surface  depends  onthe  strength  of  the  turbu¬ 
lence,  and  this  in  turn  is  a  function  of  the  wind 
speed,  stability,  and  surface  roughness.  Erom 
the  well-defined  relationship  which  exists,  on  the 
avciaige,  between  wind  speed  aix!  the  density  of 
blowing  snow,  it  would  appear  that  the  speed  is 
by  far  the  dominant  factor  in  determining  the 
turbulent  flux. 

The  gravitational  fallout  depends  on  particle 
size  and  siinpc,  large  particles  falling  faster  than 
small.  It  is  probable  that  the  fall  speed  or  termi¬ 
nal  velocity  of  snow  in  the  Arctic  is  in  the  range 
20  to  50  cm, /sec.  When  the  snow  particles  are 
large,  they  nrc  not  lifted  very  far  .above  the  sur¬ 
face  and  consequently  bounce  cr  drift  along  in  a 
process  known  as  saltation,  Hence  blowing  snow; 
that  IS,  snow’  w’hich  reduces  visibility  at  eye  level; 
is  favored  by  the  presence  of  small  particles. 

In  view  of  the  many  factors  which  enter  into 
thepi'oblcm,  it  isnot  surprising  that  the  average 
relationship  between  wind  speed  and  visibility 


during  blowing  snow  is  badly  violated  in  indi¬ 
vidual  cases.  Until  more  of  these  factors  are 
measured  routinely  and  their  roles  defined  more 
precisely,  there  is  little  hope  of  making  accurate 
predictions  of  visibility  reduction  in  blowing 
snow. 

5,5,7  Forecasting  Blowing  Snow 

Lord  (5)  has  prepared  an  objective  diagram 
for  predicting  visibility  during  blowing  snow  at 
Barrow  in  which  wind  speed  forms  one  coordinate 
and  the  wind  shift,  since  the  last  occurrence  of 
blowing  snow,  the  other.  This  diagram  appears 
in  figure  5,14,  Several  other  variables  were 
tested,  but  none  improved  the  forecast  signifi¬ 
cantly,  Of  necessity  these  were  meteorological 
variables  which,  it  was  hoped,  would  provide  a 
crude  measure  of  some  of  the  physical  factors 
mentioned  in  the  foregoing  section. 

From  the  diagram  it  will  be  noted  that  for 
the  same  wind  speed  the  visibility  tends  to  be 
less,  the  greater  the  wind  shift  since  the  last 
occurrence  of  blowing  snow.  This  condition  is 
believed  to  result  from  the  sheltering  effect  of 
snow  ridges.  When  the  wind  shifts  the  lighter 
snow  in  the  troughs  is  scoured  out  at  relatively 
low  velocities.  Without  a  shift  a  much  str*ongcr 
wind  is  required  to  dislodge  the  particles. 

5.5.3  Ice-Crystal  Haze 

k  c-crystnl  hnze  is  the  name  given  to  n  j)hc- 
nomenon  in  whiclifine  ire  crystals  are  oljservod 
to  settle  earthward  from  a  seemingly  cloudless 
sky.  This  condition  is  distinguished  from  ordi¬ 
nary  snowfall  by  the  lack  of  cloud  and  from  ice 
ibe  great  horizontal  extent  and  vortical 
depths  involved.  Ordinarily  iee-crystal  haze 
does  not  reduce  visibililies  below  1  to  2  miles, 
and  the  sky  is  usually  clearly  discernible  througli 
it.  At  night  the  stars  are  visible,  and  unless  a 
beam  of  light  causes  the  icc  needles  to  scintillate 
the  phenomenon  may  pass  unnoticctl. 

Ice-crystal  haze  is  often  associated  with  a 
deep,  cold  low  at  high  latitudes  in  winter,  suggest  - 
ing  that  a  direct  sublimation  from  the  vajior  to 
the  ice  phase  is  occurring  in  the  rising  current 
connected  with  the  low.  The  absence  of  water 
cloud  can  be  explained  by  the  very  cold  tempera¬ 
tures  that  prevail  in  such  cases.  Occurrences 
of  the  ice  haze  in  Labrador  have  been  attributefl 
to  the  seeding  of  air,  supersaturated  with  respect 
to  ice,  by  snow  crystals  blown  uiofl  from  the 
surface  or  by  ice  particles  precipitated  from 
.Tbove,  In  this  area,  the  haze  has  been  observed 
to  extend  to  heights  as  great  ns  9,000  feet,  al- 
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tliough  as  a  rule  the  depth  is  considerably  less. 

Until  the  phenomenon  is  better  understood 
it  will  remain  n  difficult  forecast  problem*  For¬ 
tunately,  however,  it  is  not  an  urgent  prouiom 
since  rarely,  if  ever,  will  the  haze  be  sufficiently 
tlcnso  to  reduce  visibilities  below  flight  mini- 
inunis, 

b.ri.i)  Whiteout 

This  comiition  results  when  sky  and  snow 
a.s.sumc  n  uniform  whiteness,  making  the  horizon 
indistinguishable  and  eliminating  the  contrast 
between  visible  objects  both  near  and  far,  tinder 
such  n  rondititin  the  observer  loses  all  sense  of 
perspective,  and  aircraft  and  other  operations 
hccorne  extremely  hazardous. 

The  whitcoul  occurs  most  frequently  in 
spring  and  fall,  when  the  sun  is  near  the  horizon, 
and  requires  the  presence  of  a  uniform  snow 
cover  and  n  csrrostratus,  altostratus,  or  stratus 
overcast.  The  sky  cover  is  the  most  important 
factor  in  the  prediction  of  whiteout,  and  there¬ 
fore  the  prediction  of  this  phenomenon  is  essen¬ 
tially  a  corollary  of  the  cloud  forecast. 

Falling  Snow 


At  some  arctic  locations  falling  snow  is  the 
most  fro.pient  cause  of  low  visibility.  However, 
the  discussion  of  this  problem  is  more  properly 
included  in  the  section  on  j)rocipitat  ion  foreenst- 
ing. 

5.6  Turbulence  and  Icing 

5.C.I  General  Hemarks  on  Turbulence 

Four  types  of  turbulence  may  be  distinguish¬ 
ed  whic  h  arc  of  importance  to  the  safety  of  air¬ 
craft.  These  will  be  referred  to  here  as  (a) 
ground  turbulence,  (b)  convective  turbulence, 
(c)  orographic  turbulence,  and  (d)  clear-air lur - 
buJcncc, 

Ground  turbulence  develops  in  the  lower  lay¬ 
ers  of  the  atmosphere  as  a  result  of  the  disturb¬ 
ing  effect  of  the  earth’s  surface  on  the  wind* 
The  gustlnesr,  of  the  wind  trace  is  a  manifestation 
of  the  eddying  motions  which  comprise  the  tur¬ 
bulence,  Characteristically,  the  gusts  are  close 
together,  indicating  the  presence  of  eddies  of 
small  dimension,  but  in  the  vicinity  of  certain 
topographical  features  the  eddies  may  be  uf 
larger  size  and  associated  with  substantial  up¬ 
drafts  and  downdrafts.  At  Thule  a  number  of 
cases  have  been  reported  in  which  winds  of  20 
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to  30  knots  were  sufficient  to  cause  fluctuations 
of  100  to  150  feet  in  the  height  of  aircraft  on  the 
final  GCA  approach.  Fluctuations  of  this  magni¬ 
tude  represent  an  extreme  hazard,  and  on  at 
least  one  occasion  it  was  necessary  for  the  pilot 
to  employ  full  take-off  power  in  order  to  land 
safely. 

Since  a  high  degree  of  static  stability  tends 
to  inhibit  the  development  of  vertical  motions, 
it  is  apparent  that  turbulence  forms  more  read¬ 
ily  with  unstable  than  with  stable  lapse  rates. 
Once  the  turbulence  has  formed  the  strong  mix¬ 
ing  will  generally  produce  a  near-adiabatic  lapse 
rate,  whatever  the  initial  conditions. 

In  summary,  high  wind  speed,  low  static 
stability  and  large  roughness  are  the  major 
factors  intlie  development  of  ground  turbulence. 
Because  of  the  prevalence  of  lipht  to  moderate 
wind  speeds  and  very  stable  lapse  rates,  ground 
turbulence  is  not  norrnallyaniinportantproblem 
in  the  Arctir.  However,  during  the  infrequent 
occurrences  of  high  winds,  described  in  section 
5,12,  the  turbulence  may  become  severe. 

Convective  turbulence  is  encountered  in  con¬ 
nection  with  the  often  violent  updrafts  and  down- 
drafts  of  convective  cloud  cells.  The  thunder¬ 
storm  is  the  most  frequent  scat  of  the  more 
violent  occurrences.  In  view  of  the  relatively 
weak  nature  of  convection  in  the  Arctic  and  the 
relative  scarcity  of  thunderstorms,  it  follows 
that  convective  turbulence  is  a  probiom  of  much 
less  importance  inpolnr  regions  than  in  the  mid¬ 
dle  lalittidos  and  the  Tropics.  However,  occa¬ 
sional  Instances  of  severe  turbulence  have  been 
reported  in  connection  with  the  summertime 
thundcrsionns  that  develop  in  the  mountainous 
sections  of  Alaska  and  the  Yukon,  sothniil  wouiO 
be  fo<ilhardy  to  ignore  complelcly  the  dangers 
from  this  source. 

Data  ct)llcct edon  the  Ptarn^igan  Weather  Hc- 
connaissance  Flights  reveal  that  turbulence  is 
almost  entirely  lacking  over  the  Arctic  Ocean, 
as  might  bo  expected  from  the  stabilizing  effect 
of  the  underlying  surface.  The  few  reports  of 
light  tui-hiilence  that  are  reported  appear,  al¬ 
most  always  to  he  associated  with  clouds  and, 
hence,  nniS*  presumably  he  ascribed  to  con 
vection  aloft.  In  the  case  mentioned  previously, 
in  which  the  flight  encountered  a  thunderstorm 
over  the  Beaufort  Sen,  moderate  turbulent  e  was 
rofiorted. 

()rogra|>hic  turbulence  occurs  in  the  vicinity 
<'f  m<mntaint>us  terrain  when  certain  critical 
valvies  nf  wind  S['rpd,  vertical  wind  shear,  antS 


static  stability  are  met-  The  motions  which  pro¬ 
duce  the  turbulence  are  frequently  in  the  form 
of  organized  waves  over  and  to  the  lee  of  peaks 
and  ridges  and,  therefore,  are  not  turbulent  in 
the  strict  sense  of  the  word.  However,  as  used 
here  the  term  relates  to  the  effect  of  the  motions 
on  aircraft,  and  in  this  respect  the  mountain 
waves  are  turbulent.  Moreover,  a  truly  chaotic 
turbulence  usually  appears  in  association  with  the 
waves,  sometimes  as  a  result  of  a  breakdown  ot 
the  wave  motions  themselves. 

Under  proper  humidity  conditions  the  waves 
are  made  visible  by  a  cap  cloud  over  an  isolated 
peak,  or  by  a  foehn  wall  along  a  ridge,  and  by 
lenticular  or  lens-shaped  clouds  in  the  lee  of  the 
obstacle.  The  presence  of  a  rotorcloud--a  roll- 
shaped  cloud  with  a  horizontal  axis  of  rotation- - 
warns  of  the  danger  of  extreme  turbulence. 

All  mountainous  areas  of  the  Arctic  are 
potential  sources  of  orographic  turbulence,  and, 
indeed,  pilots  have  reported  instances  of  modcr  • 
ate  to  strong  turbulence  in  the  neighborhood  of  a 
number  of  arctic  ranges.  Through  experience, 
the  forecaster  can  acquire  valuable  knowledge 
concerning  areas  of  maximum  danger  and  the 
wind  conditions  connected  with  the  outbreak  of 
turbulence  in  those  areas.  For  example,  fore¬ 
casters  in  Die  Wliilehorsc  region  of  Canada  have 
noted  the  tendency  for  strong  downdrafts  to  devel¬ 
op  near  the  Wolf  Hango  when  southwest  to  west 
winds  of  greater  than  50  knots  blow  across  the 
St,  Klias  Uangc, 

Clear-air  turbulence  occurs  most  commonly 
in  the  zones  of  large  vertical  wind  shear,  above 
or  below  strong  jei  streams,  and  In  the  zone  of 
largo  horizontal  shear  on  the  cyclonic  side  of 
strong  jets.  The  turbulent  regions  are  often 
found  in  corridors  about  30  miles  across  ami 
1,000  to  2,000  feet  dee]>.  As  yet,  the  cause  of 
clear-air  turbulence  is  not  fully  understood. 
P'cw,  if  any,  cases  of  significant  clear-air  tur¬ 
bulence  at  high  latitudes  are  reported  in  the  liter¬ 
ature.  However,  the  possibility  definitely  exists 
since  strong  jot  streams  occasionally  invade  the 
Arctic  .ns  described  in  section  3.3  of  chapter  3. 

5.i;.2  Forecasting  of  Turbulence 

Ground  turbulence  is  so  dependent  on  local 
surface  and  terrain  foalurcs  that  one  cannot  hope 
to  obtain  universal  forecast  rules.  In  construct¬ 
ing  an  objective  forecast  diagram  for  a  specific 
location,  wind  direction  and  speed  should  be 
chosen  ns  principal  predictors.  Stability  may 
ho  an  nflditifinai  })ararneter  of  importance. 
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The  prediction  of  convective  turbulence  is 
part  of  the  convective  cloud  and  thunderstorm 
problem  which  has  already  been  discussed  in  a 
previous  section. 

Orographic  turbulence,  like  ground  turbu¬ 
lence,  is  a  highly  local  phenomenon  and  usually 
is  found  to  be  most  highly  related  to  the  wind 
component  normal  to  the  pertinent  mountain 
range.  According  to  both  theory  and  observation, 
the  static  stability  and  vertical  wind  shear  are 
also  important  factors  in  the  development  of 
mountain  waves. 

From  the  evidence  presently  available*  it 
appears  that  clear-ai''  turbulence  is  associated 
with  large  vertical  uind  shear  of  either  sign, 
low  static  stability,  and  large  positive  or  cyclonic 
shear  in  the  horizontal.  The  Richardson  number, 
which  is  a  funoiion  of  both  stability  and  vertical 
wind  shear,  has  often  been  suggested  as  a  more 
fundnrncntai  criterion  fortho  development  of  the 
turhuierce.  In  view  of  the  foregoing  relation¬ 
ships,  clear-air  lurbulencf  should  be  forecast 
for  the  regions  near  and  to  the  cyclonic  side  of 
pronounced  jet-strea;''  maxima. 

.),d.3  Icing 

Icing  occurs  w.«cn  supercooled  cloud  drop- 
lots  freeze  and  adliere  lo  aircraft  surfaces.  The 
ice  coating  changes  t*'  ,  aerodynamic  properties 
of  the  Cl  rfoils  ami  may  lead  to  a  dangerous  loss 
of  lift. 

(he  fai  t  X\m\  xemg  receives  little  mention 
In  <liscussions  of  arc'tic  flying  conditions  may  be 
regarded  as  an  ind.c  rtion  that  it  is  not  a  serious 
problem  in  ai  clir  l*l  ,.;ht  operations.  This  rela¬ 
tive  unimportance  f  icing  may  be  explained  by 
the  conxpaiallvcly  small  moisture  content  of 
arc'tic  air  and,  hetxce,  the  low  liquid  water  con¬ 
tent  of  arctic  cloiuLs.  Th^  liquid  water  cunlenl, 
of  course,  is  the  principal  factor  in  determining 
tlic  sc\-.  ri'.y  of  the  icing,  P'  urthermorc,  in  winter, 
temperatures  are  often  so  c(»ld  that  clouds  can- 
nt)t  exist  in  liquid  form. 

Data  compiled  from  the  records  of  the 
}  ..<rmigan  Weather  Keconnaissance  Klightsshow 

at  10,000  feet  ic'ing  occurs  only  2  percent  of 
1'  uncover  the  arctic  sens.  The  correspond¬ 
ing  '"igure  for  flights  over  the  North  Atlantic  is 
'9  juM'ifnt,  Because  of  the  smallness  of  the 
fig  ve  for  the  Arctic,  >!  should  not  be  assumed 
tha*  .  .ng  IS  never  a  hazard  in  polar  regions. 
He.  -  v  glaze  :ce  may  be  encountered,  occasion¬ 
ally,  in  maritime  currents  which  invade  the 
Ar  tie  from  the  Atlantic  and  Pacific  sectors. 


Moderate  to  severe  rime  icing  also  occurs  on 
occasions.  At  Fairbanks  a  mixing  ratio,  at  flight 
level,  of  2  grams  per  kilogram  has  been  found 
to  mark  the  beginning  of  moderate  rime  icing. 

When  cold  air  passes  over  open  water,  a  low 
cloud  with  large  concentrations  of  supercooled 
droplets  may  form.  Moderate  to  heavy  icing  has 
been  observed  in  clouds  of  this  type,  but  fortu¬ 
nately  the  cloud  deck  seldom  extends  above  4,000 
feet  so  that  it  may  be  easily  topped. 

The  icing  forecast  hinges  on  the  cloud  and 
temperature  forecasts.  Where  cloudiness  is 
predicted  within  the  temperature  range  -22®  F. 
to  32®  F.  (-30“  C.  to  0“  C.)  the  possibility  of  icing 
must  be  considered. 

5.7  Optical  Phenomena 

Besides  the  phenomenon  of  whlteout,  de¬ 
scribed  in  section  5.5,9,  a  number  of  other  opti¬ 
cal  phenomena  are  of  importance  and  interest 
to  the  arctic  traveller.  Two  types  will  be  dis¬ 
cussed  here:  distortions  of  distant  objects  caused 
by  abnormal  bending  or  refraction  of  light  rays 
and  reflections  on  the  underside  of  clouds  known 
as  iceblink  and  water  sky, 

5.7.1  Looming 

It  is  well  known  that  the  speed  of  light  is 
slightly  less  in  the  atmosphere  than  in  outer  space 
and  that  the  reduction  in  velocity  increases  with 
the  airtlcnsily.  As  a  consequence  of  this  and  the 
normal  decrease  of  density  with  height,  a  wave 
front  emanating  from  an  object  will  travel  faster 
in  its  upper  portion  than  in  its  lower  portion, 
and  the  rays  of  light  will  be  bent  or  curved  in 
the  downward  direction,  'Phis  arching  of  the 
light  rays  causes  objects  to  appear  slightly  ele¬ 
vated  above  their  true  positions  and  allows  the 
observer  to  see  somewhat  beyond  the  linc-of- 
.slght  horizon. 

When  the  density  decreases  more  rapidly 
than  normal  with  height,  as  occurs  under  condi¬ 
tions  of  temperature  inversion,  distant  objects 
appear  to  be  unusually  olevnteri,  and  olijocls 
normally  below  the  horizon  may  come  into  view. 
The  term  looming  is  applied  in  this  circumstance. 
No  doubt  many  erroneous  esximntes  of  distances 
by  early  explorers  can  be  ascribed  to  this  phe¬ 
nomenon, 

C^ften  when  looming  is  present,  the  rays  from 
the  upper  portion  of  an  object  are  bent  more  than 
those  from  the  lower.  In  this  case  the  oojcct 
appears  stretched,  as  well  as  elevated,  and  the 
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term  towering  is  uso<l  to  describe  the  sitimtion* 
It  is  also  possible  for  the  rays  from  the  lower 
portion  tobe  more  curved,  in  which  ense  shrink¬ 
ing  or  stooping  of  the  object  is  observed. 

r),7.2  Sinking 

When  the  air  density  increases  with  height, 
light  rays  curve  u|>wards,  causing  objects  to  ap¬ 
pear  below  their  normal  eU  vations  and  even  to 
sink  from  view  below  the  horizon.  This  con¬ 
dition  is  of  less  frequent  occurrence  in  the  Arctic 
than  its  inverse  condition,  looming,  since  it  re- 
(jui  res  an  abnormally  steep  lapse  rate.  However, 
when  very  cold  air  passes  over  open  water,  sink¬ 
ing  may  be  obsci'ved,  provitlcd  steam  fog  <loes 
not  (Irvclop.  It  may  also  occur  over  strongly 
healed  interior  areas  in  summer, 

ii,7,3  Suiicrioj  Miriigr 

An  rlevnterl  inversion,  if  suffiricntly  pro¬ 
nounced,  may  cause  such  a  sharp  downward  bond¬ 
ing  of  light  rays  that  tlir  invcrsi«>n  layer  may  he 
likened  to  a  mirror,  suspended  in  the  sky,  which 
reflects  light  from  objects  located  beneath  it. 
I'iider  Hiicii  .1  »  i'Cidiiii*!;  «iu  obsi-rvoi  iliriN  S»'e  an 
invertr»d  image  above  the  object.  With  rnrupicx 
inversions  the  wave  front  may  suffer  multiple 
distort!<*ns  and  a  further,  upright  image  may 


appear  above  the  inverted  image. 

The  origin  of  the  superior  mirage  is  illiia- 
trntcci  in  figure  rbI5,  Por  the  snkt?  of  illuslrntlon 
it  has  been  necessary  to  exaggerate  greatly  the 
bending  of  the  rays.  In  reality  the  refraction  is 
much  smaller  Umn  sliown  so  that  only  distant 
objects  can  bo  reflected  from  the  **mirror," 

5.7.4  Inferior  Mirage 

Under  superadia’oalic  condlllons  the  upwai'd 
Ijcnding  of  light  rays  near  the  ground  may  be  so 
extreme  that  one  may  replace  the  ground  at  some 
distance  from  the  observer  by  an  imaginary 
mirror.  Thus  the  observer  will  see  an  inverted 
im.'tgc  beneath  a  distant  object.  Since  the  "mir¬ 
ror”  will  reflect  the  sky  above  and  beside  the 
object,  the  observer  will  also  have  the  illusion 
that  the  object  is  surrounded  by  a  lake  or  body 
of  water.  This  condition  is  lllustrate<l  In  figure 
5.1?:. 

It  will  be  noted  that  the  inferior  mirage  is 
accompanied  by  sinking,  the  horizon  appearing 
closer  than  normal  to  the  observer.  As  In  the 
previous  illustration  the  curvature  of  the  earth 
is  neglected.  The  effect  of  curvature  is  to  cause 
the  base  of  the  object  to  di sappear  from  view  so 
tlint  onlv  the  upper  portion  of  it,  and  the  inverted 
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image  of  that  portion,  are  seen.  Because  ot  the 
difference  In  curvature  of  rays  emanating  from 
the  top  and  bottom  of  the  object  the  image  is 
ordinarily  shortened  or  stooped. 

Generally  the  inferior  mirage  is  blurred  by 
a  phenomenon  known  as  optical  haze  or  shimmer. 
Thic  arises  from  the  convective  activity  that  ac¬ 
companies  the  superadiabatic  lapse  rates.  Bub¬ 
bles  of  warm,  less  dense  air  rise  and  are  re¬ 
placed  by  cooler,  denser  air  from  aloft.  Conse¬ 
quently,  rapid  variations  of  density  and,  hence, 
refractive  index  occur. 

It  also  should  be  mentioned  that  the  appear¬ 
ance  of  mirages,  both  superior  and  inferior,  is 
much  affected  by  the  distance  of  the  object  and 
the  relative  positions  of  observer,  object,  and 
layer  of  abnormal  density  variation.  A  slight 
change  in  any  of  these  factors  may  cause  pro¬ 
nounced  changes  in  appearance, 

5.7.0  Fata  Morgana 

rhis  Is  the  name  given  to  a  complex  mirage 
in  which  distant  objects  becon^c  greatly  elongatetl 
in  the  vortical  direction  and  take  on  a  bizarre 
as[)(*ct,  shoreline  may  bo  drawn  out  into  tall 
(  lifts  and  columns,  and  houses  near  the*  shore 
may  assume  the  appimrance  of  wondrous  castles. 

Tlio  phenomenon  occurs  under  much  the 
.same  inetcoi(*l<»gieal  conditions  as  the  superior 
mirage  and  indeed  often  contains  many  of  its 
feaUires,  though  In  more  distorted  fortn.  The 
unusual  stretehiiig  takesplaco  inthe  layer  where 
the  normal  upward  lapse  of  teinpcTature  e<‘ases 
and  the  elevated  inversion  begins.  At  !h(*  cold 


point  in  the  sounding  the  density  is  at  a  relative 
maximum,  and  the  degree  of  bending  of  the  light 
rays  changes  sharply.  The  result  is  a  vertical 
magnification  of  objects  in  the  layer. 

The  fata  morgana  may  be  regarded  as  an 
intermediate  stage  between  towering  and  the 
superior  mirage  or  a  mixture  of  the  two  con¬ 
ditions.  This  may  be  seen  in  the  example  in 
figure  5.17,  where  both  the  stretching  and  the 
tendency  for  formation  of  invc,**ted  images  are 
observed, 

5,7. B  iceblink  and  Water  Sky 

In  summer  a  white  or  yellowish-white  glare 
may  he  seen  on  the  underside  of  clouds,  as  a 
result  of  reflection  of  sunlight  from  snow  or  ice 
fields.  When  these  reflections  are  intense  they 
are  referred  to  as  iceblink.  Conversely,  under 
the  same  circumstances  dark  patches  or  streaks 
may  appear  on  the  cloud  base  above  areas  of 
open  water,  'I'his  condition  is  known  as  water  sky. 
When  other  means  of  reconnaissance  arc  not 
available  these  phenomena  are  of  assistance  in 
navigating  through  the  ice  of  the  polar  sens, 
since  they  give  at  least  a  rough  idea  of  ice  con¬ 
ditions  at  a  distance, 

5,7,7  Korcrcasling  of  0])tical  Fhf'nomcna 

barely  Isthcrc  any  call  to  pi-edict  those  phe¬ 
nomena.  h  is  obvious  that  ilu'  likelihood  of  rni- 
ragc.s  and  othci*  refractive  phenomena  is  drtei*- 
minod  by  the  lapse  rate  ('onciitions  expected  to 
pi*evail  in  the  lower  layers  of  (he  atnu)Spher<*, 
Ircblink  and  water  sky  require  a  low  sun  and  a 
deck  of  low'  ('Ioud5;  for  their  formation. 
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